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SDiffiL&RY 
The partial oxidation of propane to useful organic chemicals is 
economically attractive, nith products possible which are worth fa?om 
6 to 28 times the cost of the raw materials. Present coinnercial pro­
cesses use a combination of high temperatures and pressures to produce 
a mixture of products* Previous investigators have been troubled with 
temperature control and with the reaction proceeding to form carbon 
monoxide and carbon dioxide* 
The present investigation was carried out to evaluate catalysts 
which might provide a hi^  yield of useful organic products, prefer­
ably with one compound predominating. The reaction was carried out 
in a fluldlzed catalyst bed to Improve temperature control. Oxygen 
was used as the oxidizing gas for the reaction carried out at essentially 
atmospheric pressure* 
The apparatus used consisted of equipment to meter and preheat 
separately propane and oxygen, a 2-lnch pipe reactor to contact the 
gases with the catalyst and a condenser and absorbers to collect the 
products. 
Thirty-one runs are reported. Including twelve using Celite, and 
from one to three runs each on VgOg-K^ O^ -sllica gel, silica-alumina, 
activated alumina, CuO-Cellte, LagO^ -Celite, Ce02-Cellte, and MDOg-Celite. 
The runs were made at flow rates from 3000 cc. per minute to 6500 cc. 
per minute (14.7 pounds per square inch absolute, 70*^  F.}, with oxygen 
concentrations from 10^  to 30^  and temperatures from 650*^  F. to 950*^  F. 
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The best catalyst investigated was ItoO^ -Celite, which converted 
from 6.1 to 9.5^  of the oxygen fed to useful organic products. These 
products consisted of 70-80^  aldehydes and ketones, 20>2S^  alcohols, 
and 2-6^  acids. The per cent of the oxygen reacted converted to use­
ful products in the presence of MoO^ -Celite was also higher than that 
with any of the other catalysts. In one run with MoOg-Celite catalyst, 
the estimated conversion of fresh carbon feed, based on the recycling 
of all unreacted propane, would be about 38% to useful organic prod­
ucts, 19^  to oxides of carbon, and 43^  to unsaturated hydrocarbons. 
Operating the reactor without catalyst produced yields up to 
7.0 to lS.4fi of the oxygen fed converted to useful organic products. 
The distribution of products was similar to that obtained with Mo03<-
Celite. 
Conversion of the oxygen fed to all types of products was greater 
with, activated alumina, silica-alumina, and CeOg-Celite than without a 
catalyst present. Sie other catalysts produced less total conversion 
of oxygen than was done without a catalyst present. 
The fluidized bed apparatus was found capable of handling the 
large heats of reaction of the oxidation, providing the heat was not 
released Immediately at the bottom of the bed. 
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II. INTROIXJCTION 
The partial oxidation of«fi:ropane and other lover allphatio hydro-
carbons has been of some Interest since around 1900* The desire to 
produce valuable chemicals from the relatively aon-reactlTe low molec­
ular weight saturated hydrocarbons has been and continues to be stimu­
lated by the increasing natural gas reserves (106,960 billion cubic 
feet in 1953) (35) and the rapidly increasing production of natural gas 
and liquefied petroleum gases In the United States, as shown in 
Table 1 (35, 15). 
Table 1 
Production of natural gas and liquefied petroleum gases 
Tear Natural gas Liquefied petroleum gases 
(UiUlons of cubic feet) (Thousands of barrels) 
1940 8,660,2&S 
1941 - 16800 
1946 4,030,605 33500 
1952 8,017,600 99600 
Although by far the greatest amount of liquefied petroleum gases, 
which are composed chiefly of propane and butane, is used for household 
and fazm uses (S.9 billion gallons, or 70.7$( of total sales in 1951) (1), 
petrochemicals now account for a significant portion of the total 
(750 million gallons, or 18.S8^ of total sales in 1951) (1). 
nie possible profits which can be realized from the direct oxidation 
of propane can be •isualized from the value of some of the organic 
chemicals i^ich can be produced by that process. In Table 2 lure shown 
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th« Taltt* of soM of those produotoi at ourreot market prices (3), 
prodttood from on* dollar's worth of propane, also at current market 
prlos. 
Table £ 
Vialae of oxidation products from one dollar's worth of propane 
Product Cost of raw material 
using propane and air 
Cost of raw material 
using propane and 
tonnage oxygen 
Value of 
product 
Ibroaldahyds 11.00 #1.44 4 0.79 
Aoetaldehyde 1.00 1.28 21.55 
Methanol 1.00 1.44 8.75 
Sthanol 1.00 1.55 9.76 
Rropanol 1.00 1.11 16.52 
ifletone 1.00 1.22 15.59 
loetie Acid 1.00 1.44 22.20 
111 figures in Table 2 were arrired at by ualng stoiohionetric amounts 
of the raw naterials and assuaing eonplete oonrersion of the reaotants. 
In Td)le S are also shown figures for the oost of the reaotants of a 
propane oxidation process using tonnage oxygen rather than air for the 
source of oxygen. Although the cost of tonnage oxygen Is uot too well 
established and raries aooording to the sine of the plant, the figure 
of #5 per ton, an actual oost lAiich has been reported (44), has been 
used in calculating the raw oaterial costs of Table 8. When air is 
used, the propane oost is the only raw aaterial cost. 
With the attraotire economic picture in Tiew, the possible re­
actions and products will be exsalned* Bludworth (9) stated that "the 
fliild oxidation of aliphatic hydrocarbons yields, as principal products. 
& 
methanolf fomialdehyde, aoetaldehyde, and acetone, as well as smaller 
quantities ot acids, higher alcohols, and aldehydes. The ai&ounts of 
each of these oxygenated products vary as to the type of hydrocarbon 
used, as well as the operating conditions employed for oxidation*" 
He presented a table listing the prinoipal oxygenated products from 
the oxidation of the lower aliphatic hydrocarbons in their order of 
decreasing yield. This table is reproduced in Table 3. 
Table 3« 
Principal oxygenated products of lower aliphatic hydrocarbons 
Bydrocarbon Oxygenated products* 
(in order of decreasing yields) 
°1 2,S 
2^ 3,8,1 
Cs 1,3,2,4 
n-C^  1,3,2,4 
i-C^  4,1,3,2 
*(1) Acetaldehyde 
(2) Uethanol 
(3) Formaldehyde 
(4) Acetone 
*7rom Bludworth, J. S., Oil Gas J., No. 51, 99 
{Apr, S2, 1948)• 
nie equilibrium constants of the oxidation reactions of propane 
to rarious oxygenated products provide a clue as to the thermodynamic 
feasibility of obtaining these coopounds. The equilibrium constants 
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glTen In Table 4 shov that the reactions favor the formation of 
oxidized products from propane. Hovever, the equilibrium constants 
Table 4 
Equilibrium constants for oxidation of propane to organic chemicals 
Product of reaction Equilibrium constant (IS^ ' C.) 
Acetaldehyde 2.4 X 10®® 
Methanol 1.8 X 10^ 2® 
Formaldehyde 4.8 X 10®'' 
Acetone 4.1 X 10®2 
are likewise favorable for the formation of COg and HgO from the 
desirable oxygenated products, as well as directly from propane. 
These equilibrium constants are shown in Table 5. The problem is not 
in obtaining a large conversion but rather in stopping the oxidation 
at the proper stage. 
Table 5 
Equilibrium constants for oxidation to carbon dioxide 
Beaetant Squilibriiua constant (18° C.) 
Acetaldehyde l.S X 10^ ®' 
Methanol 1.3 Z 10^  ^
Formaldehyde 8.5 X 10®^  
Acetone 4.7 X 10^ '® 
Propane 5.8 X 10^  ^
f 
The heats of reaction for the oxidation of propane to several 
oxygenated products and to carbon dioxide are ahovn in Table 6. 
Table 6 
Heats of reaction for oxidation of propane 
Product Heat etolred (k-cal./mol C^ ) 
(IS*) C., products, reactanta 
In gaseous state) 
Aeetaldehyde 100.1 
Methanol 170.4 
Formaldehyde 118.1 
Acetone 121.7 
Carbon Dioxide 488.6 
All the reactions are highly exothemic, vlth the reaction to carbon 
dioxide eTOlTlng the greatest amount of heat. Thus, althou^  heat 
may be required to initiate the reactions, the heats of reaction are 
sufficient to heat cold reactants to reaction temperature, l&ider 
certain conditions the heat cannot be taken away fast enou^  to pre­
vent the temperature from riaiag abore the initial reaction ten^ erature. 
Partial oxidation of propane has been carried out on a oonnerclal 
scale* The Cities Serrice Oil Company built a plant at Tallant, Oklahoma 
in 10S6 for the partial oxidation of natural gas hydrocarbone, including 
methane, ethane and propane (68). The process, which la still in use, 
consists of compressing the gas and air, reacting them, separating the 
condensable and non-condensable fractions and piirifying the product. 
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A typical oruda product oontaius 35^  aathaiiol, formaldehyde, and 
Sjt acatoldahyde aa principal producta. Aoatona and dimethyl acetal are 
aloo praae&t in racarerabla quantitlaa* Araotionation, liquid-liquid 
extraction, Taeuun diatillatlon, filtration, adsorption and ion ex­
change ora inrolTad in proceaaing the crude chanicala into marketable 
producta. 
The Celoneae proceaa involTea the non-catalytic oxidation of a 
propane-butane mixture «ith air at tenperaturea of 600 to 1000° F, and 
preaaorea of 100 to 300 pounds per aquara inch, with an ultimate yield 
eatimated to be 50^  of the freah carbon feed (32). Kxcerpta from the 
patenta iaoued to Bludwor^ , the inrentor, atata that in the process 
the oxidation is carried out using a large excess of a diluent such 
as stesu, a short raaction tiae, a lisitad proportion of air to hydro­
carbons, and a aater quench (11). The jield obtained using one of the 
procasa conditions listed in the patent is shom in Table 7. The 
aeparation of mixtures of the producta formed, auch as those listed 
in Table 7, has been one of the principal problama confronting the 
comereial operators of oxidation plants. The Celanese process is 
said to use fractionation, azeotropic distillation, extractiTe dis­
tillation, liquid-liquid extraction, eraporation, absorption, hydro-
gsnation, dehydrogenation, dehydration, and hydrolysis in the separation 
of the indiTidual components from the crude oxidation product (S2). 
She MeCarthy Chemical CSompany, which intended to enter the field 
of hydrocarbon oxidation in a plant for oxidizing natural gas hydro-
carbona with tonnage oxygen (8), apparently failed partly beeauae of 
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Table 7® 
Yields of useful products from Oelanese process 
Process conditions: ratio by weight of 1 part of 
butane, 5 parts of air, and 34 parts of steam; pre­
ferred pressure range of 20 to 30 atmospheres; 
temperature of 750® F.; time of reaction, 1.15 sec., 
and quench to 300^  I* 
Products Yield (based on 100 parts 
of butane) 
Acetaldehyde 19.6 
Acetone 7.0 
Methanol 19.0 
Propanol 1.0 
Butanol 0.5 
Organic Acids 11.4 
7ormaldehyiie 15.2 
Total 73.7 
B^sproduced In part from Grogglns, P. H., Unit 
Processes In Organic Synthesis. 3d Sd«, McQraw-
Hlll Book Conqpany, Inc., Kew York (1047). 
product separation problems (45}. 
The Hanlon-Buohanan Company, who were assigned one of the early 
patents issued to Bludworth (10), sponsored research at Iowa State 
College concerning the partial oxidation of butane (IS) and treating 
the crude oxidation product in Tarious ways in order to obtain the 
IndlTldual components In a mors easily marketable form (S3, 5S, 27, 
55, S6, 51, 59, 6, 66). 
Xhe objective of the present investigation was to evaluate catalysts 
which would promote the partial oxidation of propane with high yields 
of lUBeful oxygenated products, preferably with a predominance of one 
10 
product. The fluidlzed catalyst technique Has used to help control 
the secondary oxidations to carbon oxides md water, which are promoted 
by the development of localized high temperatures occurring as a result 
of the highly exothermic reactions taking place. It was hoped that 
uae of the proper catalyst could initiate the reaction at loner tem­
peratures, resulting in economies and lessening the opportunity for 
undesirable secondary oxidation of the desired products* Blimination 
of the need for the hij^  reaction pressures foimd necessary in the 
commercial processes now in use was also desired. 
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III. LITERATUiCi: SURVEY 
The literature oontains much material on the partial oxidation of 
low molecular weight hydrocarbons in general) and on the oxidation of 
hydrocarbona containing one or two carbon atoms in particular* L. F. 
Uarek has presented seTeral excellent literature reviews on oxidation, 
which contain references to work on the oxidation of hydrocarbons 
43, 44, 45, 46, 47 , 48, 40)* The literature on the oxidation of propane 
and butane specifically is more limited, but increasing. 
The discoTery of useful products resulting from the oxidation of 
butane and propane was reported by JBone and Drugman (13) in 1906. Lind 
and Bardwell in 1926 found liquid products other than water when they 
oxidized propane in the presence of alpha particles (40). At about 
the same time Jsmes (31) in en atmospheric process mixed natural gas 
or gas mixtures containing propane and butane with not more than three 
and one-half times their Tolume of air, and passed the mixture oTer a 
catalyst such as molybdic oxide at a temperature less than 600° C., 
producing aldehydes and acids. 
Comereial studies and ventures in the field of the partial oxidation 
of propane and butane hare been mostly with processes which were non'> 
catalytic and operated at high pressure, althou^  the process develc^ ed 
by the Cities Service Oil C(»ipany and put into use in a plant built 
in 1926 called for the use of a catalyst (such as aluminum phosphate 
and copper oxide on pumice) for the partial oxidation of natural gas 
hydrocarbons containing one, two, three or four carbon atoms (68, 69). 
IS 
This proceaa was oarrled out under a pressure of from 200 to 750 pounds 
per square inch, aooordlsg to the patent. Ibe Hanlon-Buohanan Gompany 
developed a process for the partial oxidation of refinery butane using 
an iron reaction coil at hig^  pressures and temperatures (10). Workers 
with Standard Oil Deyelopment Company worked on a process which InrolTed 
the non-catalytic oxidation of propane and butane at pressures from 1000 
to 3500 pounds per square inch and teaqperatures from 200 to 600^  C. (57, 
38, 70)* Pilot plant studies of the oxidation of saturated hydrocarbons 
up to heptane were made, with orer Wft of the oxygen (of 5 to 15 mole 
per cent in the feed) fed appearing in useful products from the oxidation 
of propane. 
TJxe Celanese Corporation» in plants at Bishop (20) and Faoqpa, Texas 
(2), uses a non-catalytic, high pressure process to produce oxygenated 
products from propane and butane. These are based on the patents of 
Bludworth (11) and Kotzebue (36). 
A patent assigned to the fioudry Corporation (25) advlaes that 
butane and oxygen, at 160<> C. and a partial pressure of butane of 
550-700 poxmds per square inch in the reaction zone, are reacted in 
the presence of a catalytic liquid in the form of a thin film to yield 
oxygenated products. 
A homogeneouB catalytic method haa been used by Bibb (7) for partial 
oxidation of hydrocarbons, including propane, to oxygenated products 
using oxides of nitrogen as the catalyst. Homogeneous catalysis using 
EBr has been extensirely studied by the Shell Derelopment Company (60, 
58, 61, 54) for the Tapor-phase oxidation of hydrocarbons Including 
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butane and propane, fieaults from HBr-oatalyzed oxidation of propane 
include 74.7 mole per oent acetonet 7*8 mole per cent propionic acid, 
and 9.6 mole per oent propyl bromide; oxidation of n-butane gave S7»4 
mole per cent butyric aoid. Si mole per cent diaoetyl, and £9.5 mole 
per oent methyl ethyl ketone (61). Characteristic gaseous reaction 
mixtures oonaist of 2 parts by Tolume of propane, 2 parts by volume 
of oxygen, and 1 part by rolume of hydrogen bromide, fiecorery of 
hydrogen bromide is high end the alkyl bromides formed may be recycled 
to the process. A Dutch company is also Interested in this method (5). 
The organic peroxides formed in the partial oxidation of propane 
and butane have been the object of several studies. S'ormation of 
dihydroxybutyl peroxide froa butane oxidized under the influence of a 
silent electric discharge has been claimed (SS). e^ unoatalyzed 
reaction of a 90^  propane-10% oxygen mixture at 470^  C. has been re­
ported to yield organic peroxides and hydrogen peroxide (37, 34). 
The catalytic partial oxidation of commercial propane is being 
investigated at the Texas Experiment Station in a differential reactor 
(4, 41, 62, 63). 
DeWitt and Hein of the Michigan Engineering Experiment Station 
investigated the partial oxidation of light hydrocarbon gases at at­
mospheric pressure in a 1-inch copper tube (18). The gases vere oxi­
dised using air or oxygen at temperatures of 300 to 650*^  0., at at­
mospheric pressure, and using catalysts suoh as copper turnings, silica 
gel and the oxides of copper, vanadium and molybdenum supported on 
silica gel of 8-14 mesh. Trouble was experienced with temperature 
u 
control and carbon deposition on the catalysts. Up to 2.6S^  of the 
oxygen fed was converted to oxygenated products with molybdic oxides 
on silica gel. 
B. F. Dodge and oo-«orkers studied the catalytic partial oxidation 
of several four>carbon hydrocarbons including butane (19). The 
oxidation of butane over V2O6 on Alfrax (10-14 njesh) resulted in only 
of the butane going to useful oxygenated products at 62Z° F., using 
aa air-hydrocarbon ratio of 36. 
Recently, (Jriffin investigated the partial oxidation of propane 
in a simulated fluidized bed at temperatures up to 1000° T,, with 
oompositions from 10 to 30 per cent oxygen, and at flow rates of 3000 
to 7000 CO. per minute in a l^ -inch stainless steel pipe reactor (24a). 
Catalysts used were a fluidizable grade of Celite and copper oxide on 
Celite. Yields up to 3.66^  of the oxygen fed converted to useful 
oxygenated products were reported. 
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17. SatPERIMSNm 
A. Catalysts 
Sl£iht different materials were used as eatalytie agents. Four of 
these were used as obtained from the manufacturer, and four were prepared 
in the laboratory* 
Fluidizable grade Celite was obtained fz^ m the Johns-Manrllle 
Company* It was of such a size distribution that all of it would pass 
through a 50 mesh screen and would be retained on a 140 mesh screen* 
The company speeificationa on it are C.C.C* Type 3X, C-32397. Celite 
is a diatomaeeous earth (16) product* Slatomaceous earth ia said to 
contain from to SlOg, S.SjS to 11.7^  up to Zi» Fe2C3, 
small proportions of the oxides of calcluiay magneaim, potassium, and 
sodium and fron to I4ifi water (33). 
The silica-alumina catalyst was a product of the Oarison Chemical 
Corporation, Baltimore, Maryland* It was listed by the company as a 
CUk-l Bllioa«^ alUBina catalyst, C-2 grade. A typical analysis furnished 
by the ooiiq>any is giren in Table 8. 
The activated alumina used was a spray dried B-41 actlTated alumina 
from the Aluminum Con^ any of Aa^ rica* A typical analysis of this material 
as furnished by the conpany is shown in Table 9. 
The VgOg-KgSO^ Hsilica gel catalyst used was a product of the 
DaTlson Chemical Corporation. An etnalyals furnished by the company 
is presented in part in Table 10* 
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Table 8 
Typieal analysis, Davison DA-1 silioa-alimiina outalyst, 0-2 grade 
Chemieal ooaposition 
(anhydrous basis) 
Screen and roller analysis 
SiOg 
Algps 
Na^ O 
SO4-
87.0 ^  
12.8 
0.0t> 
0.05 
0.25 
Loss on ignition, 7.5^  
On #100 U.S. Std. Siere 5.! 
IThra #200 U.S. Std. Siuve 50. 
0-20 JBicrons 11. 
20-40 microns 17. 
40-80 fflicroxis 38. 
-*•80 microns 54. 
ATg. partiole size 68 microns 
Table 9 
Analysis of Alcoa E-41 spray dried actirated altimina 
Chemical analysis Screen analysis Roller analysis 
SiOg 6.10% *^ 150 mesh 0-10 microns 2.0% 
NagO 0.10 150-200 mesh 31 10-20 microns 3.5 
GaO 0.16 200-325 mesh 24 20-40 microns 13.3 
SO4— 1.37 -325 mesh 31 40-80 microns 20.6 
y»205 0.31 *^ 60 microns 60.6 
AI2O3 91.96 Loss on ignition (9320 F.}, 
Table 10 
Analysis ot Davison oode 002 
powdered oxidation catalyst 
Chemical con^ iosition Screen analysis 
Ta&adia 10j( On 80 mesh 8.0^  maximum 
Silica 55 On 100 mesh 15.0 aaximum 
Potassium Sulfate 33 On 200 mesh 55.0 maximum 
Thru 200 mesh 45.0 minimum 
17 
The other four catalysts, iihich were prepared in the laboratory, 
were made by depositing the oxides of copper, molybdenum, lanthanum 
and cerium, respectively, on the surface of Celite. In preparing these 
catalysts, SOO grams of Celite were inqpregnated with a solution of the 
nitrate, in the case of the copper, lanthanum and cerium catalysts, 
and a solution of ammonium molybdate in the case of the molybdenum 
catalyst* The ioqsregnated Celite was then air>dried and ignited. 
In this procedure 300 grams of Celite were subjected to a vacuum 
of 60-62 cm, mercury for five minutes in a vacuum flask to withdraw 
the air from the pores. Then, while the vacuum was still on, the 
solution was allowed to drip onto the Celite while the Celite was being 
agitated to get even distribution of the liquid. After all the liquid 
had been added, the mixtiu*e was subjected to SO cm. mercury air pressure 
(nitrogen was used for one batch each of molybdenum oxide-Celite and 
copper oxide-Celite). 
The impregnated Celite was allowed to air-dry for three or four 
days, by spreading it out in fairly thin layers on either an oil-proof 
paper or glass plates* The oil-proof paper seemed to absorb some of 
the salt from the Celite so glass plates were used in several of the 
batches. The material was mixed with a spatula several times during 
the drying period to instire fairly even drying. 
The impregnated material was ignited to the oxide in a horizontal 
rotating ignition furnace made of an ll^ inch length of S-inch standard 
iron pipe with a removable cap on one end. A shaft of 3/4-inch standard 
iron pipe was connected to the other end with a tee in it to act as 
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a vent for the liberated fumes* The rotary furnace was driven by a 
jootor and gear reducer which made it possible to rotate the apparatus 
at a speed of 6.75 rpm. The apparatus was supported by two vertical 
pipes with split pipe hangers attached* The pipe hangers served as 
holders and bearings, one being on the furnace itself and the other 
around the shaft extension. 
The temperature was controlled by three gas burners used to heat 
the furnace. A thexmocouple which extended into the central part of 
the furnace indicated the temperature on a Brown Blectronik Temperature 
Becorder* The material was heated as long as the conversion to the 
oxide was taking place, as indicated by the presence of fumes or the 
smell. The product from this ignition process was fairly uniform in 
color and essentially the seme size as the original Celite. However, 
the two batches of IfoO^-Celite catalysts prepared were not so unifozm 
as the others. Some Imps of loose MoO^ were present as well as some 
black lun^s and some free Celite, althou^ the bulk of the material 
appeared to be satisfactory. 
In Table 11 are indicated the quantities of each material used in 
the catalyst preparations as well as temperatures and other pertinent 
information* The copper nitrate used was J. T. Baker Chemical Company 
0UN03*3H20 Reagent. The cerium nitrate solution, obtained from another 
laboratory of the Iowa State College, was recovered by extraction from 
a monazite sand. The solution contained the equivalent of 0*48-0.49 
grams of CeOg per ml. The lanthanum nitrate crystals, which came from 
the same original source as the cerium nitrate, contained the equivalent 
Tabl* U 
Catalyst preparation data 
Catalyst Haterlal used for inount of Anount and •ao- Pressure Max. Ipprox. irying 
Impregnating salt tiaed type of um used tei^. time of surface 
Galite with 300 aolTent uaed (em. during ignition used 
grana used per 300 (am. Hg) ignition (hr.) 
Celite grama Celite Hg) (o r.) 
CttO-Callta 
Baton 1 CiiH0^*3H^ 83 lOS ml. I%D 62 20 (air) 975 1.25 0. P. 
20 (fis) 
Paper 
Batoh 2 GuM03*3Hjg0 03 SB* 195 ml. H2O 60 880 1.67 
Plate 
GaOg-Qallte Cerium nitrate 124.4 ml. 70.6 ml. H£0 62 20 (air) 1015 1.0 0. P. 
solution Paper 
LagOg-Gelite Lanthanum nitrate 148.2 0a. 195 ml. H9O 62 20 (air) 1035 1.75 0. P. 
oryatals Paper 
HoOg-Calita 
Batoh 1 (1^4) 0^7024*^ 68 em. 200 ml. HgO 60 20 (Ns) 870 1.33 Qlass 
Plate 
Batoh 2 (11H4)^07024-4B20 68 gau 195 na. IIH4OH 62 20 (air) 965 1.92 Qlaas 
Plate 
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ot 57fi by vel^t of LagOg. The aoaonlum molj^date used nas General 
Chemical Company Reagent (IlB;^}|jlIO70g^*4fi20, The ammonium hydroxide 
used to dissolre the ammonium molybdate naa General Chemical Ccmpany 
ooneentrated 
B. Description of Apparatus 
The apparatus for carrying out the oxidation of propane Kith 
oxygen In a fluidlzed catalyst bed provided facilities for metering 
and pre-heating the gases, reacting the gases in the fluidlzed bed 
while maintaining the bed at the proper tenqperature and pressure, 
and provided means for measuring and classifying the products foxmed. 
The apparatus used for the oxidation experiments consisted of 
three main parts: the metering and pre-heating section, the reactor 
unit, and the product collection and separation apparatus* In Figure 1 
Is shown a flow sheet which pictures the relationship between these 
main parts and also shows the points at which temperature and pressure 
were measured. 
The reactant gases, oxygen and propane, were metered separately 
with rotameters from cylinders with automatic delivery pressure regu­
lators. The propane used was ^xiatural" propane supplied by the Matheson 
Company, Jollet, Illinois. This product averages 96^ propane according 
to the Uatheson Conqpany. The oxygen was 99.5jf^ oxygen obtained froa 
the Balbach Campany, Omaha, Nebraska. The temperature and pressure 
on the gaa&s were measured as the gases left the rotameters. Frcaa 
there the g.^aes went separately throu^ check valves to pre-heaters. 
Gas out 
Air Ejector 
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Figure 1. Apparatus Flow Sheet 
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Saoh pre-heater oonsiated of a l/8-inoh atainleBS steel pipe vound 
vlth B* and S. 20 gauge CbxcKoel "JL** reslatanoe wire* The propane 
pre-heater was wrapped with asbeatoa sheets between the wire and the 
pipe to preyent shorting out of the wire. The oxygen pre-heater had 
zaiee sheets wrapped around it between the wire asd the pipe. Both 
pre-heaters were covered with asbestos fiber insulation. The amount 
of power put into each resistance wire winding was controlled by a 
variable transfoiner. 
To prevent the formation of carbon in the propane pre-heater, 
which would result in eventual stoppage of the gas flow, it was necessary 
to place a ^ inch copper tube inside the atainless steel pipe so that 
the propane would not be in contact with stainless steel at any time 
while being heated to the feed temperature. The tendency of stainless 
ateel to prcmiote carbon formation has also been noted by other workers, 
one group of which (20) pickled the stainless steel in HCl and then 
treated it with HgS; another group (28) soldered a copper tube inside 
the stainless steel tube. 
The reactor unit consisted of three main sections: a distributor 
section, a reactor section, and a calming section. The diatrlbutor 
section served to distribute the inlet pre-heated gases, so that tmifoxm 
flow was attained throughout the cross-section of the pipe as the gases 
entez>ed the reactor section. The oxidation reaction in the fluidized 
catalyst bed took place in the reactor section. The calming section 
was placed on top of the reactor section to disengage the catalyst from 
the gas stream. A photograph of the reactor unit is shown in figure 2. 
Flguro 2. Reactor Unit 
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The reactor section of the unit consisted of an IS-lnch length 
of 2-lnoh standard Iron pipe. On the top end of the reactor section 
was welded a jlfolnoh thick steel flange out to match a 2-inch Pyrez 
pipe flange. On the other end of the reactor section was welded a 
3/4-ineh thick round steel flange six inches in diameter* Vive 6-inah 
lengths of standard iron pipe were screwed and welded into 
the reactor wall at points 1;^, 4^, 10^, and 13;^ inches ahore the 
bottom of the large flange to serve as thermocouple inlet tubes. 
The four top tubes were inserted at right angles to the wall of the 
reactor, placed such that each tube was 90*** clockwise looking down, 
away from the tube above It. The lower tube was 135°, clockwise 
looking down, from the tube above It. 
The distributor section was the outcome of experiments done in 
a glass fluidlzatlon unit to find a suitable design permitting the 
separate entrance of the reactant gases into the reactor section while 
providing the distribution of flow across the reactor necessary for 
smooth fluidlzatlon. The distributor also had to allow easy catalyst 
drainage. The design described here appeared to allow good fluidlzatlon 
to take place in the reactor according to visual observations. The 
pressure drop through the catalyst bed above the model distributor was 
essentially constant with increasing gas velocity, after a certain 
velocity was attained, Indicating that fluidlzatlon was occurring. 
A section drawing of the distributor section la shown In Figure 3. 
The section consists of a 3/4>lnoh standard Iron pipe about 13 Inches 
long within a 8-lneh Iron pipe, which is In tixrn attached to a steel 
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Figure 3, Distributor Section 
flange 6 inehea in diameter end inoh in thiokneaa. The inner pipe 
was welded to a l/^'inoh thick ateel plate which it paaaed throu^. 
She plate in turn was welded to the end of the outer pipe. Aa shown 
in the aketoh, a eonioally ahaped (45^ cone), separate, braaa piece 
fitted oyer the end of the inner pipe and rested on the end of the 
outer pipe with the upper edge of the braaa piece flush with the flange 
top. Seyeral holes were drilled normal to the aurface of 
the cone, to allow passage of gas through it. The braaa piece fitted 
in place snugly, with a thin aabeatos gasket placed between it and the 
upper end of the inner pipe. One inch below the top of the distributor 
flange two 6-inoh lengtha of ^ ineh iron pipe were screwed into the 
S-inch pipe for a pressure tap and a thexmocouple tube. Oas entries 
were provided by l/S-iooh pipes welded to the outer pipe and the inner 
pipe, as shown in the sketch. Uie propane traraled up the annulua of 
the diatributor section while the oxygen paaaed thxvugh the central 
pipe. 
A reooTable piaton was placed inaide the inner pipe of the diatributor 
to allow eaay catalyat drainage. The piston was made by preaaing two 
perforated atainless steel circular disca together over the end of a 
^inch stainless steel tube and ailrer aoldering a l/l6-inoh perforated 
steel disc onto the tube three inches below. JSach disc was placed on 
the tube so that the tube went throu^ a central hole in the disc. The 
stainleas steel discs were mounted so that the perforationa in one diac 
were not oppoaite the perforations in the other. The three discs were 
of such a diameter that they fitted fairly ti^tly inside the 3/4rineh 
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plp«, but &nall enouejh bo the piston would elide up and dotm in the pipe, 
fietveen the upper discs and the lover oce, gl&sa wool «aa packed fairly 
tightly as a catalyst retainer, being held in place by a sleere of stain­
less steel sheet vrapped around it betveon the disos. J£i^t inches be­
low the plate, on the bottom of the 2-inoh pipe, the inner pipe ended 
and the tube of the piston passed out throu£^ a rubber stopper which 
serred &s e seal between the piston and the 3/4-inch pipe. At the bottom 
end of the inner pipe a can three inches hig^ and three inches in diameter 
was soldered onto the outside of the inner pipe. Water was circulated 
through this can to keep the rubber stopper cool. The tube of the piston 
sexred as a theimocoi^le inlet tube. 
The distributor annulus was packed with 3/8-inch ceramic balla, 
vith glass wool packed in at the top just below the brass piece to 
retain the catalyst. 
The calming section consisted of two lengths of Pyrez pipe, one 
a 2-inoh pipe twelve inches long, and one a 4-inch section of 2-inch 
pipe joined to 10 inches of 4-lnch pipe by a 3-inch tapered seotion, 
with an orerail length of 17 inches. The e-inch pipe was installed 
just abOTe the reactor section with the S-by-4-inch pipe on top. The 
lower piece had outlets 3 inches from each end which were used for a 
pressure tap and thermocouple entry, respectively* The top of the 
2-inch-by-4-inoh pipe was bolted to a brass flange ^ Inch thick, with 
holes bored into it for the safety line, the quench water entrance 
line and the catalyst filter assoably. A wire mesh screen was placed 
around the glass pipe sections to protect the glass against breakage 
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and prevent glass fragaents from flying in the event of an explosion. 
The safety line iras a £>inch iron pipe line leading directly out 
of the top of the calming section throu^ the braaa flange to the out­
side atmosphere, with leakage of gas prevented during normal operation 
by an aluminum foil rupture disc in a flange in the safety line. The 
disc was set to rupture at approximately 10 pounds per square inch 
gauge. The z*upture disc was tested for leaks by directing the exit 
line above the disc throu^ a bottle of water while pressure was applied 
inside the reactor. 
The quench water was introduced into the reactor through a ^ Inch 
copper tube which entered the reactor through a hole in the brass 
flange at the top of the calming section* The tube extended to a point 
about 10 inches below the top of the upper flange of the reactor section, 
but a flexible Joint adlowed the tube to be adjusted up or down several 
inches. The water used for quenching was distilled water, pressurized 
with 10-12 pounds per square inch of nitrogen. The flow of water was 
controlled by a valve in the water line and was measured by a rotameter. 
To prevent catalyst carryover, a filter, consisting of an alundum 
extraction thimble, was installed in the brass flange at the top of the 
calming section. The tube leading from the thimblo went through a 
rubber stopper in a hole in the flange. The stopper served as a seal 
between the filter tube and the flange. 
Besistance wire was wound about all three seotions of the reactor 
unit in several separate windings, and one winding was installed on the 
distributor section* On the reactor section one winding was between the 
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two lowest thermocouple tubesf another between the second and third 
lowest, and a third between the third and fourth lowest thercaooouple 
tubes. One winding was placed on the lower glass pipe section and 
two were placed on the upper glass pipe sectlton. Sach winding could 
be controlled separately by a variable transformer. Asbestos insulation 
was placed around the resistance wire windings of the distributor and 
reactor sections. The windings in these two sections were protected 
from shorting out on the metal parts by using sheet mica as an insulator* 
After passing throu^ the filter the gaseous products entered a 
glass water-cooled spiral condenser. The condensate was cau^t in a 
SO-ml. centrifuge tube serring as a receiver. 
The gases which were not condensed passed throu^ a series of nine 
absorbers to remove any further desirable products. These were made 
from 16»l&oh lengths of 41 mm. glass tubing with rubber stoppers in 
both ends. Saran plates were drilled so as to provide distribution of 
the gases through several holes into each absorber. The first four 
absorbers each contained 100 ml. of distilled water. The next three 
contained, respectively, 100, 150, and 150 ml. of a solution made up 
suoh that one gram of 2,4-dinitrophenylhydrftzine was dissolved in SOO 
ml. of ZK HCl, to remove any aldehydes and ketones which were not con­
densed or taken up in the four water absorbers. The last two absorbers 
contained 100 ml. of distilled water each. These were used to test to 
see If the previous absorbers had been effective and to prevent any of 
the chemical reagent in the previous three absorbers from being carried 
beyond the absorbing train. 
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The gas from the absorbers flowed throuf^ a vet test meter and a 
gas sampling tube and were dispersed into the outside atmosphere by an 
air ejector* which prorided a sli^t vacuum in the exit end of the 
apparatus. The condensate receiyer, absorbers and gas sanqpling tube 
could be by-passed. 
Temperatures in the reactor unit and the pre-heaters were measxired 
with chromel-alumel therinooouples. The theztoooouples entering the 
reactor were inserted so that the tip of each was at the centerline 
of the reactor. Each thermocouple was sealed off by a rubber stopper 
around the end of the entering tube. The thermocouple wires passed 
through the rubber stopper. The thez^couple going up Inside the shaft 
of the piston in the distributor section was inserted so that the tip 
was even with the top of the distributor flange, and was one inch 
above the top of the piston at the centerline of the reactor. This 
thermocouple was also sealed off with a rubber stopper. The thermo­
couples in the pre-heaters were inserted from the cold end, where they 
were sealed off with rubber stoppers, until the tipe were near the 
exit end of the pre-heater pipes. All thermocouples were protected 
with ceramic insulators. The other tenderstures shown in Flguire 1 
were measured with thermometers placed in the gas stream through either 
^asa or brass tubing tees. 
The static pressure at six different places in the gas stream 
was measured with mereury-filled manometers. In addition, a water-
filled manometer was used to measure the pressure drop across the 
reactor. 
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Centralization of oontrol was acoontplished to some extent by placing 
moat of the flow TalTes on one main panel board and an adjacent auxiliary 
board. Also Included on these boards were the seven manometerat and the 
gas and quench water rotameters* A third panel board held the variable 
transformers and an amaeter. The thei^couple wires were connected to a 
lO-point double pole switch on the main control board, which was in 
turn connected to a Leeds and Horthrup potentiometer. Another circuit 
carried eight of the theraooouple circuits to a Brown Mectronik Be» 
cording Potentiometer. 
To reduce the sTer«present hasards of fire and explosion when 
using propane, several safety features were installed with the apparatus. 
The propane cylinder was kept outside the building and piped into the 
apparatus. A solenoid valve installed in the propane supply line could 
be shut by the operation of an exploslon>proof switch on the main oontrol 
board. Another switch in series with this one was installed outside the 
operating room to use in case of a hasty exit. 
Air was continuously exhausted from the room during operation of 
the oxidation equipment so as to prevent the accumulation of flasmable 
and esQilosive gas mixtures. The ventilation system consisted of a 
General Slectric 1/6-fiP motor which drove a Buffalo Forge blower» 
connected to a 6-inch, fluted, galvanized duct with its inlet end on 
the floor Just below the oxidation equipnent. The motor and blower 
were located outside the building. Flame-retardant screens were placed 
at the exit end of the exhaust system and in the duct at a point Just 
inside the room. 
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Nitrogen was used for purging the lines of air before turning 
the propane Into the system, and to rid the system of propane after 
a run before turning on air for cooling. 
A Davis Emergency B^uipment Company {UtTiaxk, New Jersey) Tapo-
tester, an instrument for detecting the presence of flammable or ex-
plosive gas mixtures, was used to reveal leaks of propane in the systeia* 
0. Operating Procedure 
The operation of the oxidation apparatus included pre-heating 
the equipment, adjusting to steady state conditions, making the timed 
run, shutting down, and collecting the products for analysis. 
In order to shorten the operating day, the catalyst was usually 
loaded the ni^t previous to operation, air started through in place 
of the reactant gases and the pre^heaters and reactor heaters turned 
on at levels such that the reactor temperatures were about SOO** 
about ei^t hours later whan the operating day started. At that time 
the heaters were turned up to heat the apparatus fairly rapidly to 
operating tesi^eratirre. 
During the warmup period the apparatus was checlced for leaks* 
The rupture disc was also checked to see whether it was still intact. 
Before turning the reactant gases into the system, nitrogen was used 
to purge the lines of air to avoid explosive mixtures being foimed 
when the propane was turned into the system. After ten minutes of 
nitrogen flow, and after the air ejector was turned on, the propane 
was allowed to enter the proper lines. Oxygen was turned on a few 
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minutes afterward. The exact rotameter settings were then determined 
by calculation from the desired conditions and the existing temperature 
and pressure in the respective gas lines. 
Quench water was introduced into the gas stream Just above the 
catalyst bed as a means of preventing further reaction above the bed. 
This quench water was turned on, when used, Just after the reactant 
gases were allowed to enter the reactor. At the same time the resistance 
wire heaters around the glass sections were turned on to prevent con­
densation on the walls and on the filter. The quench was used only 
when it was necessary to stop a reaction from taking place above the 
bed, as evidenced by the temperature increasing markedly, or to prevent 
a reaction from taking place above the bed, when the reactor conditions 
indicated that such a reaction was probable. The walls of the reactor 
also dissipated considerable heat. Whether or not the water quench 
was necessary depended on the conditions of temperature, composition, 
and flow rate. In the later runs it was found that if the heater be­
tween the second and third thennocouples from the top of the reactor 
section was kept off, there was much less need for quench water. 
In most runs it was found desirable to turn the reactant gases into 
the apparatus at a temperature considerably lower than the desired 
operating temperature and slowly approach the operating temperature 
after the conditions of flow rate and con^tosition had been adjusted. 
Otherwise, there was a tendency for the temperature at the bottom of 
the reactor section to rise at an uncontrollable rate. Temperatures 
of 700-750° F. seemed to be low eno\i^ to prevent this occurrence. 
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HoveTer, sudden changes in pressure, or flow rate» or heat influx also ' 
seemed to promote this tendency to«ard uncontrollable temperature in­
creases* When this phenomenon did ooour, the temperature often rose 
to leyels apparently greater than 15CX}^ F.« the maximum temperature 
recorded on the temperature scale used irith the temperature recorder* 
The only nay to bring the tmnperatures back down to normal naa to 
decease the oxygen concentration and/or turn the heaters doim enough 
to cool off the reactor and then begin another approach to the desired 
operating conditions* 
Coning to steady state usually required three to six hours 
after the hegliming of operation if the equipment had been heated 
oremight to the 500<* F* level. Conditions were assumed to be at 
steady state when the temperatxures and flow rates held constant* A 
timed run of thirty minutes was made at steady state conditions during 
which time readings of the temperature, pressurest rotameter settings> 
gas volume, and heater settings were taken* As the run was begun, a 
clean condensate receiver was put in place, and the gas stream was 
turned througji the run gas absox4>ers and the exit gas sampling tube* 
During warmup and after the timed run the gas stream was passed through 
an alternate condensate recelTer and gas absorbers and by-passed the 
exit gas sampling tube. 
From one to three runs were made in an operating day. The same 
catalyst was generally used for all runs made on the same day* When 
more than one run was made in a day, usually two to three hours were 
required to readjust the conditions, renew the ab80xl>lng solutions, 
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and replace the gas sampling tube and condensate receiver. 
When the apparatus was being shut down, the q.uenoh water and the 
heaters were turned off, and nitrogen run into the oxygen line as the 
oxygen was turxied off. After a minute or two, propane was turned off 
and the lines purged with nitrogen for ten minutes. Nitrogen was also 
used to purge the inlet propane line. After the period of ten lainutes, 
either air or nitrogen was used for cooling down the apparatus. The 
cooling was carried on until the reactor temperatures were below 300*^ 
Nitrogen was used in some cases for cooling bo that any carbon on the 
catalyst woxild not be burned off. 
The liquid from the condensate receiver was measured, then com­
bined with the solutions from the water absorbers and made up to 1000 
ml. in a Toltmetric flask and analyzed for acids, alcohols, aldehydes 
and ketones. The precipitates and the remaining solution in the chemical 
absorbers were collected and filtered, the wel^t of the precipitate 
being a measure of the aldehydes and ketones present. The gas sample 
tube was removed and the gases analyzed with an Orsat gas analysis 
apparatus, determining the per cent carbon dioxide, unsaturated hydro­
carbons, oxygen and carbon monoxide. A detailed description of the 
analysis procedures used oan be found in the Appendix* 
Daring the time when propane was passing throu{^ the apparatus, 
certain safety precautions were observed. Signs were posted at entrances 
to the operating room notifying all that no smoking was allowed. 
Safety glasses were worn by the operator and by any person who entered 
the room. The exhaust blower was turned on during this period. ?rom 
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tiiae to time teats for piropaxie leaks were made with the Davis Vapotester. 
D* Sxperlmental Results 
Oxidation runs were iaade with eight difforent isiaterials as cata­
lysts and several runs if ere made without a catalyst to find the effect 
of the catalysts in promoting the desirable reactions* Investigations 
vere carried out at reaction tflBiperatures frcm 7S0O to 950<^ F., 
flov rates frc»a about 3000 cc« per minute to about 6500 oc. per minute 
(14.7 pounds per square inch absolute, 70*^ F.}, with oxygen concentrations 
from about 109^ to 30^. ipproximately 300 grams catalyst were used in 
all catalyst runs. 
As a check to see whether or not operation was in the fluldiaation 
ran^, pressure drop measurements across tho catalyst bed were made 
usix^ 300 grams Celite at several reactant gas rates up to 6500 cc. per 
minute (14*7 pounds per square inch absolute, 70<^ F.) at 7500 ]t, and 
050° F., at both 10^ and 30J^ oxygen. These data are plotted in Figure 4» 
Curves were drawn throu^ the points obtained at oxygen at the two 
temperatures. The curves show that fluidization begins at about 1500 
co. per minute (0.038 ft. per second, based on the empty tube, with 
gases at 14.7 pounds per square inch absolute, 70^ F.) regardless of 
the temperatiire or oxygen concentration, in the ranges studied. Similar 
data were not obtained for the other catalysts used, but in all runs 
it was evident that the operation was taking place in the fluidization 
range as the pressure drop across the catalyst bed varied little with 
change in velocity at the flow rates used. 
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Figure 4. Fluidization of Celite in Propane-oxygen Mixtures 
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The results from the oxidation runs are shown in Table 12, page 39. 
Item 1 shows the run number and the catalyst used* Items 2 throu^ 11 
are the temperatures in the apparatus, items 5, 6, and 7 being in the 
oatalyst bed at all times end item 8 soffletimes in the bed and sometiaes 
not. Item IS, the reaotor pressure, is the pressure inside the reactor 
unit at a pressure tap on the lower end of the glass section. Item 13, 
the oatalyst charged, was not entered for the runs, other than the 
first, in which the catalyst was used for aore than one run. Likewise 
item 14, the oatalyst recoyered, was entered only opposite the run 
after which it was remored, when the oatalyst was used for mon than 
one run. Iteos 15 and 16 pertaining to the feed rate and gas composition 
were obtained from the rotameter readings. The composition of the 
exit gas as shown in items 17 through 21 was taken directly from the 
analysis of the exit gases collected after the oxygenated products 
had been remored. Items 22, 23, and 24 are the results of the quanti> 
tatite analysis of the water absorbers and the chemical absorbers. 
Aldehydes and ketones, item 24, is the total weight of aldehydes and 
ketones as detected in the water absorbers and condenser product plus 
the amount of aldehydes and ketones in the preoipitate found in the 
ohemical id>sorber8, the latter being calculated as foxmaldehyde. 
The distribution of the oxygen fed, items 25 throu^ 31, was 
obtained from the results of the analyses and the oxygen feed rate. 
The total accountable oxygen, item 32, includes the oxygen in the prod­
ucts detected in the analysis plus that in the water of reaction. 
The water of reaction was calculated by assuming that no free hydrogen 
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Item 
1 Run number and catalyst 107-A 108-A 109-A 110-A 111-
Temperatures, °F. 
2 Propane pre-heater exit 120 220 348 522 66 
3 Oxygen pre-heater exit 165 203 225 356 37 
4 Distributor annulus 248 664 770 915 89 
5 Reactor--flange Joint 972 788 966 965 94' 
6 in* abore flange joint 810 765 939 972 961 
7 in. abore flange Joint 843 765 940 984 971 
8 7^ in. abote flange Joint 865 765 937 960 951 
9 10^ in. abore flange Joint 822 757 918 741 • 90 
10 13^ In. abore flange Joint 728 615 784 : 627 90( 
11 Calming section 338 263 314 212 34^ 
12 Reactor pressure, in. Hg 33.69 35.38 33.86 30.68 33.31 
13 Wei^t catalyst charged, gm* 300 300 300 30( 
14 Weight catalyst recorered, gm. 275.5 296.9 291.1 S85.: 
15 OsQTgen in feed, per cent 9.00 30.31 30.37 32.45 21.9; 
16 Total feed rate, cc./min. at 14.7 psia, 70° F. 6657 5896 5904 2783 5801 
RDN RESULTS 
Sxit gas analysis, rolume per cent 
17 Carbon dioxide 4.5 5.5 2.a 1.1 
18 Iftisaturated hydrocarbons e +> <ti rfi 0.0 0.7 24.2 17.( 
19 Oxygen 
cu m CO o 17.0 15.2 4.7 6.] 
20 Carbon monoxide 0.7 1.2 8.4 4.! 
21 Propane and others, by difference 5 c5 77.8 77.4 60.4 70.! 
Wei^t of useful products, mg-moles 
22 Acids .29 0.00 0.40 1.01 4.5e 
23 Alcohols .70 0.00 0.00 5.178 16.54 
24 Aldehydes and ketones 1.25 1.61 6.08 31.74 53.5*: 
Distribution of oxygen fed, per cent 
25 Acids .04 0.00 0.02 . 0.09 0.2$ 
26 Alcohols .05 0.00 0.00 0.26 0.5i 
27 Aldehydes and ketones .09 0.04 0.11 1.41 1.6S 
28 Total useful products .18 0.04 0.13 ! 1.76 < 2.5C 
29 Carbon monoxide 0.97 1.66 i 10.7fi 8.4C 
30 Carbon dioxide 12.46 15.25 5.89 4.4E 
31 ttochanged oxygen 47.09 42.16 12.04 22.75 
32 . Total accountable oxygen, maximum per cent 69.55 72; 69 81.^ 87. 0^ 
33 Total accountable cazt>on, maxtTmim per cent 95.83 97.24 UO.l® 95.7E 
34 (Quench water rate, cc./min. None None None Nona Ifone 
35 Remarks (numbers refer to list at 1 2 2 
right-hand edge of table) 

Table 12 
Experimental results 
109-A 110-A lU-A 112-A 113-A 114-A 115-A 116-A 117-A 119-N 120-C 121-D 122-D 123-Ba ] 
348 522 665 640 642 609 738 670 633 630 632 140 136 164 
225 356 371 unk. unk. unk. xink. unk. unk. 348 364 155 148 214 
770 . 915 899 844 832 845 890 894 791 645 720 490 577 487 
966 965 947 950 941 955 951 962 864 639 758 unk. unk. -499 
939 972 960 931 910 918 914 931 834 812 753 796 962 595 
940 984 978 963 950 963 956 968 875 840 753 783 945 650 
937 960 955 942 901 897 899 873 852 811 723 782 950 786 
918 741 907 902 867 918 856 746 817 651 568 673 815 792 
784 627 906 784 682 680 540 543 578 584 470 549 663 457 
314 212 344 363 312 332 262 209 289 288 198 210 230 235 
33.86 30.68 33.33 35.15 35.84 35.01 33.29 32.93 35.90 39.34 35.72 37.00 33.76 36.46 3 
300 300 300 300 300 None 300 300 190 
S96.9 291.1 285.3 263.4 287.4 295.1 None 227 282.7 186.7 
30.37 32.45 21.93 22.49 22.38 11.63 22.11 26.59 33.07 13.01 27.60 29.97 29.71 30.02 2 
5904 2783 5806 6127 6122 5846 4332 3190 5917 4859 3036 3110 3231 2885 
5.5 2.3 1.2 0.7 1.3 1.8 0.0 1.0 0.0 3.4 1.6 7.6 12.4 1.3 
0.7 24.2 17.6 3.5 0.9 0.3 1.4 0.8 0.0 3.8 1.1 1.8 3.8 5.2 
15.2 4.7 6.1 19.0 21.4 11.7 19.9 24.5 33.4 2.1 23.0 11.0 2.3 22.6 
1.2 8.4 4.5 1.7 0.0 0.4 0.5 0.9 1.2 6.1 2.3 6.2 8.6 3.5 
77.4 60.4 70.5 75.1 76.4 85.7 78.2 72.8 65.4 84.5 72.0 73.4 72.8 67.4 ! 1 
0.40 1.01 4.56 3.53 0.32 0.16 0.16 0.48 0.27 0.37 1.72 0.00 3.26 4.32 
0.00 5.178 16.54 9.52 3.06 4.42 2.61 0.00 1.66 0.00 4.65 0.68 2.61 17.90 
6.08 31.74 53.57 41.40 16.15 15.24 11.77 7.91 8.14" 1.37 14.87 0.16 2.54 44.94 
0.02 0.09 0.29 . 0.21 0.02 0.02 0.01 0.05 0.01 0.05 0.17 0.00 0.27 0.40 
0.00 0.26 1 0.52 0.28 0.09 0.26 0.11 0.00 0.03 0.00 0.22 0.03 0.11 0.83 j 
0.11 1.41 1.69 1.21 0.48 0.90 0.49 0.40 0.17 0.08 0.71 0.01 0.11 2.09 1 
0.13 1.76 ' 2.50 1.71 0.59 1.19 0.61 0.45 0.21 0.13 1.10 0.04 0.49 3.32 1 
1.66 10.76 8.40 3.48 1.90 1.20 1.12 1.59 1.66 24.57 3.99 9.03 11.16 •5.17 i 
L5'.25 5.89 4.48 2.86 0.00 3.18 0.00 3.52 0.00 27.37 5.47 22.14 33.62 3.84 i 4S 
18.16 12.04 22.77 77.61 90.37 93.10 88.89 86.38 92.53 16.93 79.44 32.05 6.24 66.75 j U 
72.69 81.38 87.04 100.64 95.45 109.76 95.74 98.25 96.79 135.33 101.69 93.57 96.21 97.46 9'/ 
}7.24 110.15 95.75 102.80 94.72 92.20 101.52 95.11 90.29 110.2 98.71 99.40 96.11 96.68 9E 
None Hone None None 1.7? 1.9? 1.9? 1.7? 1.7? 0.8? 1.5 None None Varied' £ 
2 3 4,5 6 7 • 8| 
1 
i 

122-D 123-£a. 124>E 125-E 126-1' 127-G 128-a 129-Bl) 130-Bb 132-C 133-C 134-N 135-Hb 136-Hl 
136 164 209 153 203 . 185 79 368 360 116 111 355 241 197 
148 214 239 211 366 255 211 322 301 138 129 365 294 331 
577 487 523 502 886 760 614 855 757 683 170 778 757 864 
unk. 499 965 793 944 945 760 941 763 739-846 423 770 762 - 853 
962 595 918 798 970 942 795 966 785 958 794 785 785 835 
945 650 908 789 953 960 773 960 780 938 782 775 778 918 
950 786 918 788 817 971 786 903 683 954 793 760 774 865 
815 792 652 571 649 971 786 655 546 849 694 «49 678 725 
663 457 542 476 272 759 577 522 445 689 581 567 587 626 
230 235 2S4 224 175 212 209 247 245 276 246 205 227 226 
33. 76 36.46 33.21 33.30 37.08 35.00 34.89 33.98 33.45 34.65 34.63 33.75 34.14 34.46 
190 300 298 300 292 378 None 300 
282.7 186.7 298.5 259.5 288.9 280.5 358.6 None 284.4 
29.71 30.02 29.17 28.93 29.64 29.70 30.43 28.65 28.74 9.94 9.66 27.73 27.91 9.59 
3231 2885 3246 3263 3364 3178 3211 3330 3292 3160 3260 3365 3443 3222 
12.4 1.3 17.8 12.0 4.0 8.5 8.5 3.3 0.7 4.9 1.1 0.4 0.4 1.0 
3.8 5.2 1.0 0.3 2.7 3.6 2.0 0.8 0.2 2.7 0.7 4.5 4.0 16.1 
2.3 22.6 4.4 11.8 20.3 3.3 11.8 22.3 26.7 2.8 8.0 19.6 22.7 2.5 
8.6 3.5 0.4 0.3 2.0 8.7 5.9 0.5 1.0 0.5 0.5 4.2 3.1 1.7 
72.8 67.4 ! 76.4 75.6 71.0 75.9 71.8 73.0 71.4 89.1 89.7 71.3 69.8 78.7 
3.26 4.32 0.56 0.24 1.75 0.80 0.56 0.27 0.05 9.44 0.00 9.84 7.04 1.27 
2.61 17.90 0.68 0.00 12.92 2.83 4.31 0.68 1.13 0.00 0.00 35.12 32.29 12.46 
2.54 44.94 0.30 0.28 14.71 2.75 2.86 3.12 3.49 2.65 1.03 109.49 98.54 58.08 
0.27 0.40 0.05 0.02 0.14 0.07 0.05 0.02 0.01 2.42 0.00 0.85 0.64 0.33 
0.11 0.83 0.03 0.00 0.52 0.12 0.18 0.03 0.05 0.00 0.00 1.51 1.35 1.62 
0.11 2.09 0.6l d.oi 0.59 0.12 0.12 0.13 0.15 0.34 0.15 4.72 4.13 7.56 
0.49 3.32 0.09 0.03 1.25 0.31 0.35 0.18 0.21 2.76 0.15 7.08 6.12 9.51 
11.16 5.17 0. 5\f 0.46 3.25 11.16 8.02 0.83 1.69 2.38 2.55 6.59 5.18 • 9.25 
33.62 3.84 49.65 36.81 13.00 21.81 23.08 10.85 2.37 46.83 11.17 1.26 1.34 10.89 
6.24 66.75 12.27 36.20 65.99 8.47 32.05 73.33 90.47 26.76 81.17 61.51 75.92 - 27.19 
96.21 97.46 97.87 99.14 99.38 76.72 92.36 94.99 99.06 126.04 109.4 98.27 107.5 192.6 
96.11 96.68 95.95 99.91 104.06 92.63 92.46 99.25 98.76 99.32 98.67 98.20 101.57 112.45 
None Varied None None unk. Varied None Varied None None None None None Varied 
7 8 7 9 10 

Item 
El 135-Hb 136-Hb 137-N 138-N 139-A 1 
5 241 197 174 193 195. 2 
5 294 331 353 265 270 3 
3 757 864 894 798 822 4 } 762 853 874 780 788 5 
5 785 835 887 776 803 6 
5 778 918 864 778 803 7 
3 774 865 882 777 765 8 
i 678 725 705 645 753 9 
? 587 626 598 578 490 10 
9 227 226 218 209 215 11 
3 34.14 34.46 34.31 33.91 33.97 12 
9 300 None None 300 13 
i 284.4 None None 307.0 14 
5 27.91 9.59 9.69 28.93 30.58 15 
3 3443 3222 3211 3222 3162 16 
I 0.4 1.0 0.4 0.6 0.3 17 
5 4.0 16.1 14.6 5.5 0.1 18 
i 22.7 2.5 0.7 17.6 26.9 19 
a 3.1 1.7 2.6 4.0 1.0 20 
5 69.8 78.7 81.7 72.3 71.7 21 
Ir 7.04 1.27 2.68 12.20 0.30 22 
2 32.29 12.46 26.74 47.25 1.81 23 
3 98.54 58.08 71.60 128.66 2.30 24 
} 0.64 0.33 0.69 li05 0.02 25 
L 1.35 1.62 3.46 2.04 0.08 26 
J 4.13 7.56 9.27 5.55 0.14 27 
i 6.12 9.51 13.42 8.64 0.24 28 
i 5.18 9.25 13.07 5.98 1.66 29 
J 1.34 10.89 4.01 1.80 0.99 30 
L 75.92 27.19 7.04 52.61 88.92 31 
r 107.5 192.6 140.32 92.52 94.99 32 
) 101.57 112.45 107.71 103.13 105.39 33 
t None Varied Taried None None 34 
10 35 
Catalysts Used: 
A. Cellte 
B« CuO-Cellte 
a. Batch 1 
b. Batch 2 
C, V205-K2S04-ailioa gel 
C* Activated alumina 
£. CeOS'-Gelite 
F. LagO^-Cellte 
0. Silica-alumina 
B. MoOs-Celite 
a. Batch 1 
b* Batch 2 
N. No catalyst 
Remarks: 
1. Maximum oxygen used that was controllable 
2* Temperature of item 9 rose suddenly at middle 
3. Temperature of item 9 rose suddenly about 5 ml 
before end of run 
4. Temperature of item 5 may have been incorrect 
5. Carbon on filter 
6. Operated at maximum controllable temperature 
7. Carbon coTered drained catalyst 
8. Temperature and flov rates fluctuated during ri 
9. Temperature of item 5 increased during timed n 
10. U0O3 apparently came off catalyst aomevhat 

Item 
3b 137-N 138-N 139-A 1 
7 174 193 195 2 Catalysts Used: 
L 353 265 270 3 
894 798 822 4 A. Cellte 
5 874 780 788 5 B. CuO-Cellte 
5 887 776 803 6 a. Batch 1 
3 884 778 803 7 b. Batch 2 
5 882 777 765 8 c* 7205«K2S04>allica gel 
5 705 645 753 9 D. Activated alumina 
S 598 578 490 10 S. CeOg-Cellte 
J 218 209 215 11 F. LasOs-Celite 
i 34,31 33.91 33.97 12 Q. Silica-alumina 
None None 300 13 H. MoOg-Celite 
k None None 307.0 14 a. Batch 1 
9.69 28.93 30.58 15 b. Batch 2 
> 
« 3211 3222 3162 16 N. No catalyst 
) 0.4 0.6 0.3 17 Bemarks: 
14.6 5.5 0.1 18 
> 0.7 17.6 26.9 19 1. Maximum oxygen used that vras controllable 
t 2.6 4.0 1.0 20 2. Temperature of item 9 rose suddenly at middle of run 
r ; 81.7 72.3 71.7 21 3. Temperature of Item 9 rose suddenly about 5 minutes 
i before end of run 
2.68 12.20 0.30 22 4. Temperature of item 5 may have been incorrect 
> 126.74 47.25 1.81 23 5. Carbon on filter 
1 171.60 128.66 2.30 24 6. Operated at maximum controllable temperature 
7. Carbon corered drained catalyst 
i 0.69 1.05 0.02 25 8. Temperature and flow rates fluctuated during run 
; 3.46 2.04 0.08 26 9. Temperature of item 5 increased during timed run 
1 9,27 5.55 0.14 27 10. U0O3 apparently came off catalyst somevhat 
13.42 8.64 0.24 28 
13.07 5.98 1.66 29 
4.01 1.80 0.99 30 
7.04 52.61 88.92 31 
140.32 92.52 94.99 32 
107.71 103.13 105.39 33 
7aried None None 34 
35 
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was formed in the reactions whloh took place; all the hydrogen combined 
with oxygen to foxa water. (The amount of water formed varied accordiog 
to the individual products formed; item 3S is the maxlDium amount of 
oxygen which can ha accounted for.). When Item 32 is less than one 
hundred per centt either the oxygen input and output do not match, or 
the assumption concerning the hydrogen is not valid. When item 32 
is greater than one hundred per cent, there are three possible explanations: 
it may be that the coo^ounds in the gaseous and liquid products are 
those which are accompanied by less than the maximum amount of water 
of reaction, or the oxygen input and output do not match, or the as­
sumption concerning the hydrogen going to water of reaction is not 
valid. 
The maximum carbon accoimtabillty, item 33, is the per cent of 
the Carbon atoms fed during the timed run which could be accounted for, 
assuming that the gaseous and liquid products contained the mwTimtim 
amount of carbon possible. (The exact number of carbon atoms present 
in the products is unknown except for carbon dioxide and carbon mon­
oxide.). When item 33 is less than one hundred per cent, the carbon 
input does not equal the output. When item 33 is greater than one 
htindred per cent, either the compounds in the product may contain 
less than the maximum amount of carbon, or the carbon input does not 
equal the output. 
Item 34, the quench water rate, was obtained from readings of 
the rotameter in the quench water line. Because the rate fluctuated 
considerably in all cases, the figures reported ere not exact values. 
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The remarks, item 35, are obserratioos made during the runs which 
mi^t affect the interpretation of the data shown* 
Some of the figures in Table 12 were carried out to two places 
beyond the decimal point for calculation purposes; these extra places 
do not necessarily represent the accuracy of the figures* 
Oonparison of the runs will be nade primarily on the basis of 
the conversion of the oxygen fed to oxygenated products: acids, al­
cohols, aldehydes, and ketones. Ihe conversion of oxygen is used 
rather than the conversion of propane because oxygen is the limiting 
reactant, so an oxygen conversion percentage figure gives an idea of 
the fraction converted of the total possible. Also because the 
analyses made did not give results in terms of individual compounds 
but as classes of compounds it would be iiqpossible, without extending 
the analysis to unwarranted lexigths, to escpress the results in terms 
of propane conversion, whereas in the case of oxygen, there is a 
definite portion of oxygen in each ogHQcle of any one of the classes 
of compounds, regardless of the exact compound* 
The first six runs made are not reported because of mechanical 
failures before timed runs could be made* Run 118 is not reported 
as it was used solely for obtaining the fluidization data shown in 
Figure 4. Bun 131 is not reported as difficulties were encountered 
which prevented the reaching of steady state conditions* 
Buns 107 throu£^ 117 and Run 139 were made using Celite catalyst. 
It was originally intended that the effects of temperature, flow rate 
and feed composition be detemined with these runs, but as shown by 
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item 28, the per cent oxygen fed conyerted to useful products was 
very low in most oases» making it useless to bother with any lengthy 
comparison. After Run 117 was made, a leak was found in the lower 
flange Joint weld of the reactor section, which was immediately fixed 
for subsequent runs* However, it is not known how long the leak had 
bean there. The oxygen and carbon accountabilities, itenus 32 and 33, 
on all the previous runs appear to be good enough that the leak must 
not have allowed a very large fraction of the gases to escape. 
It was desired to make Run 107 at 30^ oxygen, a hi^ flow rate 
and at 950^ F* However, before the timed run was begun, the temperature 
at the bottom of the bed (item 5) went out of control even though the 
same temperatures had prevailed in the bed for 20->25 minutes. Turning 
off the reactor section heaters, the pre-heaters, and the distributor 
section heater was not sufficient to maintain the reaction at the 
desired temperature level. Cutting the oxygen composition to 9,00^, 
as indicated in item 15, finally made it possible to maintain the 
teo^erature at the bottom of the bed at 950^ F, The other bed tempera­
tures were about 100 degrees lower, however, during steady state. 
Bun 109 was made at the condition intended to be used for Run 107. 
In this case the reactants were turned into the catalyst bed when it 
was at about 850^ instead of 925^ F. as in Run 107 and the distributor 
seetloa heater was turned down iBinedlately. All the temperatures were 
gradually lowered for Rxm 108, then gradually increased to make Run 109. 
Thereafter during the Celite r\ins, by cautiously approaching the hi^ 
reaction temperatures and keeping the inlet reactant temperature in 
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the range of 850>900° F. > the laarlced temperature rising at the bottom 
of the catalyst bed iias Tirtually eliminated. On the ocoasions when 
the phenomenon did occur after thati control was easily recorered. 
Daring Run 110 the temperature 10;^ inches above the flange joint 
(above the catalyst bed) rose markedly (100^ F*) during the middle of 
the run and remained at the higher level until the end of the run, 
indicating that a reaction was taking place above the catalyst bed. 
Probably the oxidation products formed for that run were in excess 
of what they would have been without this extra reaction. In Bun 111 
the sane phenomenon was observed at about five minutes before the end 
of the timed run* In both runs, changing over from the alternate ab­
sorbers to the run absorbers apparently changed the pressure enough 
to change the flow rate. This may have contributed to the phenomenon 
of marked temperature rising. This same phenomenon above the bed was 
obseirved before the timed run of Run 110 and Run 116 of the Celite runs, 
but in these oases, the reaction was controlled by addition of quench 
water. 
The effect of using quench water was determined in Runs 112 and 113. 
These two runs were at the same conditions on the same day, except 
that in Run 113 enou£^ quench water was added to cool the temperature 
10^ inches above the flange Joint some SS** 7., and the temperature 
13^ inches above the flange joint lOO^' F. That the temperature lO^^ 
inches above the flange joint was ready for max^ced temperature rising 
during Run 112 was shown on the temperature record where this temperature 
did jump simply with the impetus of changing the flow of gas from the 
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run absorbers to the alternate path. The unquenched reaction showed 
a greater yield of desirable oxygenated products (item S8) as well as 
a greater amount of oxygen converted to undesirable products (items 
29, 30), This is borne out by the differences in the quantity of uii~ 
changed oxygen left in the two runs (itaa 31). This seems to indicate 
that reactions above the catalyst bed may be significant. Gon^aring 
Run 111 (virtually the same flow, temperature, and composition con­
ditions as Buns US and 113) with these two runs, it can be seen that 
if enou^ reaction takes place above the catalyst bed to cause marked 
temperature rising, as in Ihm 111, the yield of products of all types, 
desirable and undesirable, as shown by items 17, 20, 28 and 31, is 
increased even more. 
Buns 114 throu^ 117 went without incident. The amount of quench 
water actually added was difficult to detexmine as the flow rate was 
continually changing and had to be adjusted constantly, althou^ the 
temperature above the bed seemed to be under adequate control. 
Buns 119, 134, 137 and 138 were made without catalyst in the re­
actor. Prior to reaching steady state for Hun 119 bobos difficulty was 
experienced in controlling the temperatures in the reactor. It is not 
known when the carbon was deposited on the filter, as indicated in the 
remarks (item 35). In Run 134 no trouble was encountered in getting 
the temperatures to steady state (at 770-785® F.) for the timed run, 
but when an attempt was made to raise the temperature for a higher 
twnperature run with the same high oxygen concentration the control 
was difficult. Very little difficxilty was experienced in making 
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Runs 1S7 and 1S8* Althouf^ Run 137 waa at a bighar temperatxu'e than 
Run 134 or Rus 138, only 10^ oxygen waa used, thus lowering the chances 
of trouble in oontirolling the temperature. 
Run 138 was made as a duplicate of Run 134 to check the repro­
ducibility of the runs and to see if Run 134 was reliable. The results 
of the two runs indicate fair reproducibility. The yield of desirable 
products in Run 138 was sli^tly higher (itea 88) althou^ the distri­
bution of the oxygen fed in all the products was about the same. Run. 
137 gave the highest yield of useful products of any of the runs, 13.42%, 
aa the basis of per cent of oxygen fed in useful products, although the 
total amount of useful products was lower in Run 137 then in either 
Run 134 or Run 138. 
Carison VgOs-SgSO^-silica gel catalyst was used in Runs 120, 132, 
and 133. In making Run 120, as soon as the reactants had been turned 
into the reactor the temperature at the bottom of the bed rose much 
higher than the desired level of 950® F, Control of this temperature 
was not attained xmtil the lower temperature reported for that run was 
reached. At that level steady state was easily attainable. Runs 132 
and 133 nere made using only 10^ oxygen to make control easier. In 
Run 132, the temperature at the bottom of the bed rose during the timed 
run althou^ the other temperatures remained constant. 
In using activated alumina in Runs 121 and 122 it was found that 
the temperature at the bottcxn of the bed rose to 1500® F. or over 
immediately after both reactants were admitted to the reactor. Plnally 
by cooling the reactor the reaction was brought xmder control for Run 121. 
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However, it ie not certain that the temperature at the bottom of the 
bed was at the aame level ao the rest of the bed, for the thermocouple 
indicating that temperature had broken some time prior to the timed 
run. As Bun 1££ was made at a higher level than Hun 121 vthile the 
thsxraocoaple was still broken, it was likely that the temperature at 
the bottom of the bed »as very hi^, Tbe catalyst drained fr«n the 
reactor after these puna was found to be black with carbon. The 
results ahow that considerable COg and CO were formed, accompanied 
by only small quantities of useful products. 
Buns 1S3, 129, and 130 were made using the CuC-Celite catalyst. 
For Bun 123 there was only 190 grams of the catalyst batch remaining 
for use, the remainder having been lost during catalyst preparation. 
In making the run, the temperature rose markedly at the bottom of the 
bed at first, and then, after cooling down to the run temperature 
finally used, difficulty was experienced in controlling the temperature 
above the bed, probably because of the relatively small quantity of 
catalyst present. Bun 123 was not at steady state, as both the tempera­
ture and flow rate were fluctuating considerably during the timed run. 
In Runs 129 and 130 great care was exercised in reaching the reaction 
tenqperattire8 and no difficulty was experienced, even thou^ Bun 129 
was made at around 950° F, using 30^ oxygen. It t^ould be noted, 
however, that these two runs were made with a different batch of cata­
lyst than Bun 123. 
The two runs with the CeOg-Oelite catalyst. Buns 124 and 125, were 
extremely Interesting, because althou^ a large amount of oxidation took 
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place (around 50^ of the oxygen fed in Run 124 was converted to CO and 
COg and over 87f( of the oxygen was consumed}, which meant a large amount 
of heat of reaction was released, no difficulty was experienced in 
contirolling the temperatures in the bed. Upon turning in the reactants 
while the bed was at about 750^ the whole bed immediately rose in 
temperature rather rapidly, but smoothly. This indicates that the 
heat of reaction could be controlled adequately in the fluidized bed 
if released properly, that is, throughout the bed and not all at one 
point. However, the yield of useful products appears to be low for this 
eatalyst* 
Only one run, Run 126, was made with the LagOg-Celite catalyst 
because by the time Hun 126 was over the pressure drop across the 
filter had built up considerably, due to a sticky, oily deposit clogging 
the pores of the filter, and the apparatus was shut down. An oily 
residue was found in the glass wool catalyst retainer in the piston in 
the distributor section after the run. The yield of useful products, 
1.25^ (item 28), was low, althou^ higher than obtained in some of the 
other Tma, 
Runs 127 and 126 with Davison ailica-alumina catalyst were un­
eventful. The conversion of oxygen to useful products was quite low 
(item £8) and the conversion to 00 and COg fairly hi^ (items 29 and 
30). 
The UoOg-Celite catalyst gave the highest yield of useful products 
of any of the catalysts but still not as great as that given by the 
eoB^arable runs with no catalyst. Rtm 135 was made without difficulty. 
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HoMTer, while warming up the bed, still using the same conditions of 
flow rate and composition, theire was a tendency for the temperature 
4^ inches aboTe the flange Joint to rise several hundred degrees as 
soon as the bed temperature was aroiwd 900° F« This was stopped by using 
10^ oxygen. Attempts to run at 950** I, with 10^ oxygen were luisuocesaful 
because the temperature at the bottom of the bed again rose several 
hundred degrees* Bun 136 at the tenperature level reported in Table 12 
was entirely successful as far as reaching and maintaining steady 
state was concerned* Although the yields of useful products (item 88} 
were high in both these runs, no further runs were attempted because 
the yields were still hi^er with the runs in which no catalyst was used. 
Bun 135 with UoO^-Celite was made at approximately the same conditions 
as Bun 134 and Bun 138 (both using no catalyst). Run 136 using l!oO^-
Celite was made at approximately the same conditions as Bun 137 (with 
no catalyst). Comparisons show that both runs without catalyst gave a 
slightly hl^er yield. 
Catalyst recovery was excellent in general, more than 90% being 
recovered in most cases. The losses can be attributed to some holdup 
In the apparatus on the walls and in the thermocouple tubes, and spillage. 
The reactor was brushed out before changing catalysts, but the brushlngs 
were not collected* Some of the losses might be attributed to change 
in oxidation state. The catalyst came out a mixture of colors, 
most of them different from the color of the catalyst charged, indi­
cating a change in oxidation state. Several of the coBmerciallyomade 
catalysts were reported to lose a small per cent upon ignition. 
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Collection of catalyst on tlie filter was almoBt negligible (1 to 2 
grams out of 300) for Cellte or the Celite-base catalysts. In the case 
of the finer catalysts the amounts were greater. The VgOg catalyst 
deposited 9.3 grams in Runs 15S and 133 and 29.3 fcrama in Hun ISO. 
The silica-alumina catalyst deposited 9*?. grams on the filter in fiuns 
127 and 128. A wei^t of 9.8 grama of material, including acme carbon, 
was taken off the filter from Buna 121 and 122. In no case did the 
catalyst deposit raise the pressure drop across the filter very much 
except when the temperatures of the product gases was allowed to be­
come so low in the glass section of the reactor unit that the catalyst 
became vet due to condensation. In those oases, as soon as the catalyst 
became dry again, the pressure drop went down. Uever was any catalyst 
detected beyond the filter. The fine carbon deposited on the filter 
la Run 119 raised the pressure drop considerably, as did the sticky, 
oily material in Bun 126. Indications were that if hl^er flow rates 
were to be used with the finer catalysts that loodiflcations would hare 
to be made in the catalyst-product gas separation so that the Inventory 
of catalyst In the bed would not change excesslTely. 
Control of the temperature variation with time in the reactor was 
fairly good except for the marked tenqperature-rlsing incidents. The 
longitudinal temperature variation In the reactor (see items 5 through 
8 in Table 12} was not always as small as desired although a variation 
as low as five degrees Fahreidielt was encountered. !]!he longitudinal 
variation of temperature in the lower eight inches of the reactor 
section was no worse for the runs without catalyst (Btins 119, 134, 137, 
50 
and 138} than for the runs In which a fluid catalyst was present. 
Xndlcatlona were that this variation mi^t be larger with no catalyst 
present at higher oxygen concentrations and temperatures< The tempera­
tures given in the table were checked once with a separate potentlo-
Hteter during each run; except for the cases already discussed all tent* 
peratures were essentially constant during each run. 
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V, DISCUSSION 
ETaluatlon of the catalysts used in the present invsstieatior will 
bo mad© primarily on the tasia of the paroentaga of reactauts converted 
to useful products. Also of interest are the conversion to products 
of little value» th® total conversion, and the distribution of useful 
and non-useful products. Possible yieldo using recycle of uareactod 
hydrocarbons are also of interest in exaaination of the results for 
possible comercial utilization. 
The Ceiite runs, in general, show very poor yields of desirable 
products. In fact, the anount of oxygen reacted to fonn any type of 
product was quite low. The amount of oxygen consumed can be detemined 
by subtracting from 100^ the per cent oxygen fed which went throu^i 
the reactor unchanged (item 31, Table 12). If Runs 110 and 111 are 
not considered because of the non-steady state conditions, and Runs 
108 and 109 are left out because of the poor oxygen accountabilities 
{itea 32, Table 12), it is found that the zaaximum consvunption of oxygen 
fed in the Ceiite runs was Just over 22%, found in Run 118. The per 
cent oxygen fed which T?as consuaed in the other Ceiite runs is shown 
in Table 13, part A. Itost of the values center around lO^b consumption, 
which is very low, considering that an excess of the other reactant, 
propane, was present. The last colusm in Table 13, part A, shows that 
of the oxygen converted, little was changed into the products desired. 
Generally only about 3 to 7^ of the oxygen consumed went into useful 
products. The figures in the last column of Table 13 were obtained by 
5£ 
Table 13 
Quality and quantity of oxidation 
Catalyst Run Pax cent I'QT CfiUt Par cent of 
of Og fed of Og fed Og conauaed 
which was in useful In useful 
consuned poroducts products 
At Oelite n;ns 
Celite 112 2S.39 1.71 7.0 
Oelite 113 9.63 0.59 6.1 
Cellto 114 6.90 1.19 17.3 
Oelite 115 11.11 0.61 5.S 
Celite 116 13.62 0.45 3.3 
Gelite 117 7.47 0.21 2.8 
Celito 139 11.08 0.24 2.2 
B. Rune at 775® F., 50% Og, 3E50 00. per minute 
UoOgoCelite 135 24.08 6.12 25.4 
No oatalyst 1S4 38.49 7.08 18.4 
No catalyst 138 47.39 8.64 18.2 
yg05-K2S04-Si02 120 20.56 1.10 5.4 
CaO-Celite 130 9.53 0,21 2.2 
Oelite 139 11.08 0.24 2.2 
Uilloa~alucdna 1£8 67.95 0,55 0.5 
Act* alumisa 121 67.95 0.04 0.06 
OoOg-Calito 125 63.60 0.03 0.05 
c« Runs at 950*^ F,, 30$6 Og, 3250 ec, par minute 
LagOg-Celite 126 34.01 1.25 3.68 
Celita 116 13.62 0.45 3.30 
OaO-Cdlite 129 26.67 0.18 0.68 
Act* alunina 122 93.76 0.49 0.52 
Silica-aluiaiaa 127 91.57 0.31 0.34 
OeOg-Celite 124 87.73 0.09 0.10 
D. MiaoellaneouB runs 
No catalyst 137 92.96 13.42 14.43 
UoOg-Gelite 136 72.81 9.51 13.04 
t20s-E^ 04-Si02 132 73.24 2.76 3.76 
V2^ '"^ S04-Si0£ 133 18.83 0.15 0.80 
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dividing the numbers in the fourth column by the ntmtbera in the third 
column and multiplying the quotient by 100. 
The other catalysts also generally shoved poor conversion to the 
desired products. In only a few cases were the yields of useful oacy-
genated products over 1% of the oxygen fed, in the range of variables 
studied. If temperature is the most Important of the variables other 
than the catalyst present, tests at 950^ F. and 775° F. give some esti­
mation of how the catalysts perform. 0!he equipment was limited in that 
it was not designed to operate continuously above 950^ 7. However, in 
the presence of most of the catalysts, control at a temperature level 
above that was impossible anyhow. Very little, if any, product was 
obtained at temperatures below 775^ F. In fact, in Run 137, where the 
hi^est yield of all was reported, no liquid product was observed 
ocming over until the reactor temperatures were 775 to 800^  F. 
The portion of the oxygen consumed which went to useful products, 
or the quality of oxidation, must also be examined in evaluation of 
the other catalysts. Inasmuch as all the catalysts but LagO^-Celite 
were run at about 775^ F., 30% oxygen, and a flow rate of 3250 co. per 
minute, a valid comparison of these runs can be made as to the quality 
of oxidation. Table 13, part B, shows the per cent of the oxygen which 
was consumed that appeared in the useful products for these rxms. The 
per cent of oxygen fed which was consumed was arrived at by subtracting 
the per cent unchanged (item 31 in Table 12) from 100 per cent. 
Buns were made with five of the catalysts at 950° F., 30% oxygen, 
and a flow rate of 3S50 cc. per minute, including activated alimina in 
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Ban 128 whan the temperature at the bottom of the bed ma unknown. 
These are shown in Table 13» part C, in a similar manner* The runs 
not listed in parts A, B, or C of Table 13 are listed in part D. 
Prom the data of Table IS it appears that the quality of oxidation 
with most of the catalysts tried is not as good as without a catalyst 
present* That is, of the oxygen consumed with all the catalystsi 
except MoOg-Gelite, a smeller fraction went to the useful oxygenated 
products than was the case with no catalyst present* 
It can be seen that for the fire catalysts which appear in both 
parts fi and C of Table 13 the quality of oxidation usually increases 
slightly with temperature but does remain of the same order of magni­
tude* Also the catalysts rate in practically the same order» as far as 
quality of oxidation is concerned* ?troia Table 13, part A, showing the 
quality of oxidation for Gelite runs, with one exception, Bun 114, the 
quality of oxidation lies between S.2 and 7*6* In every case soine of 
"fee oxygen was not consximed* If all the oxj'gen had been consumed the 
quality of oxidation would represent the limiting yield, based on the 
oxygen fed, of the partioxilar catalyst In question. 
Using the quality of oxidation as a criterion for the ultimate 
yield, it can be seen that none of the catalysts except MoO^-Celite 
could erer produce as good a yield as could be obtained without a 
catalyst. MoO^-Calite, hoveTer, appears to be able to produce a 
slightly better ultimate yield than that found when using no catalyst. 
Turthemore, it appears that the quantity of oxidation which takes 
place under the same conditions of toaperature, flow rate, and composition 
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viSlb less for VgOg-KgSO^-SiOg, CuO*Celite, and Celite than for no catalyst 
at all* The same is probably true of LagO^-Celite although no run was 
made with this catalyst which is directly comparable in conditions to 
a no-catalyst run. Qovever, as only 34.01^ of the oxygen was con­
sumed at 950° F* (Bun 126}» there is a good chance that less would be 
consumed at 775° F» than by the no-catalyst run at that temperature. 
In other words* the reaction, in the presence of these four catalysts, 
produces less oxidation than does the homogeneous reaction at the same 
conditions, and produces less desirable products in the oxidation which 
does talse place. 
On the other hand, the activated alumina, silica-alumina, and the 
CeOg-Celite seem to cause more oxidation than the no-catalyst runs, 
althou^ the quality of oxidation is very poor. 
MoOg-Celite was the only catalyst approaching the yield of the 
ruxis without a catalyet present. Sren with the yield less than with 
no catalyst, if the distribution of products had shown a marked tendency 
toward girixig a more specific product, it would have been worthwhile 
investigating MoO^-Celite further. The distribution of the useful 
oxygenated products from the tloO^-Celite runs is shown along with the 
diatribution of useful products in comparable no-catalyst runs in Table 
14. The distribution appears to be almost identical in the case of 
the 30^ oxygen, 780^ V. runs (134, 135, 138} and very little difference 
exists between the two 10J( oxygen, 890° F. runs (136, 137). 
It may be that the concentration of MoO^ on the MoO^-Celite catalyst 
was insufficient to give a higher yield than the no-catalyst runs. This 
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la auggested from the fact that plain Celite In Run 139 (at the same 
tenqperature and flow conditions as Run 155} gare a very lov yield, 
ivhile the addition of some UoO^, aa in the MoOg-Celite catalyst used 
in Bun 1351 inoreasad the yield to nearly that of the no-catalyst runs. 
Table 14 
Distribution of useful products 
for MoOg-Celite and no-catalyst runs 
MoO^-Cellte No catalyst 
Aoids 
Alcohols 
Aldehy&ea and Ketones 
Acids 
Alcohols 
Aldehydes and Ketones 
Distribution, per cent 
Run 13S Run 134 Run 138 
5.51 
S3.S2 
71.17 
Bun 136 
1.72 
16.88 
78.69 
6.37 
22.74 
70.89 
Run 137 
2.65 
26.47 
70.88 
6.49 
25.12 
68.40 
Comparison of the results from the Celite runs with Griffin's 
(24a) results with Celite can be made directly with Runs 115 and 116. 
Run lis was made at roughly the same ten^erature, composition and flow 
rate conditions as Run 40 in Griffin's work, and Run 116 corresponded 
in run conditions to Griffin's Run 37, except that Griffin used only 
100 grams of catedyst for each rtm. Some of the results from these 
runs are shown in Table 15 for ready comparison. It can be seen that 
the yields of useful product were much greater in Griffin's riuis than 
from the runs of the present investigatlon. In addition, it should 
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be noted that a muoh greater portion of the oxy^n was consumed in bis 
rxmst although the quality of oxidation remained about the same. 
Another interesting feature of the differences between the two sets of 
runs is that unsaturated hydrocarbons appear to be present to a higher 
degree in Griffin*s runs. Incidentally, Griffin noted that his yields 
of useful products followed very closely the yield of unsaturated 
hydrocarbons. 
Table IS 
fiesults of Oelite runs and comparable Qriffin runs 
Bun 
G-40 
Run 
115 
Bun 
G-37 
Bun 
U6 
Per cent Op fed in 
useful pTOducts 
002 
GO 
unchanged O2 
3.09 
7.1 
5.9 
5.S 
0.61 
0.00 
1.12 
88.89 
8.80 
8.1 
14.9 
7.3 
0.45 
3.52 
1.59 
86.38 
Per cent unsaturated 
hydrocarbons 
in exit gas 17.5 1.4 26.6 0.8 
Per eont oxygen 
oonsmned in 
useful products 3.26 5.5 3.02 3.3 
To explain the differences one might first exaraiue the difference 
in the apparatus used, in particular the reactor. The Griffin reactor 
contained a series of perforated stainless steel plates one inch apart 
which were driven up and down in the catalyst bed, causing the bed to 
expand. This particular mechanical action caused the catalyst to rest 
on the plates with sooe void space between the top of the catalyst 
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layer on one plate and the bottom of the next higher plate. Inasmuoh 
as it has been shovn that the homogeneous reaction is nnioh superior to 
the Oelite-catalyzed reaction in producing useful products, it might 
be suspected that the voids in the mechanically agitated bed were 
sufficient to allow the homogeneous reaction to take place at interrals, 
thus producing more product than without the roids. 
If the distribution of products from the Griffin reactor are com­
pared with the distribution of products from the runs using no catalyst 
in the present investigation, differences can be noted* The Griffin 
reactor in Runs 57 and 40 produced high yields of unsaturated hydro-
cai^ons, consumed most of the oxygen and the quality of oxidation was 
mneh lower than the no-catalyst runs of the present investigation. 
Runs 134 and 138, although giving higher yields of useful products, 
consumed only about one-third of the oxygen fed and produced very few 
unsaturated hydrocarbons. However, Bun 137, which was at a temperature 
about 100^ F. higher, did consume nearly all the oxygen and the exit 
gas had unsaturated hydrocarbons present. Perhaps at the even 
hi^er teiiiq>erature used in Griffin's Runs 37 and 40 (050° F.) the 
tendency of the no-catalyst reaction would be toward forming a larger 
quantity of unsaturated hydrocarbons and consuming nearly all the oxygen, 
^at this mig^t be so is further substantiated by the fact that in Runs 
110 and 111 (at 950° F.) of this investigation, in which the temperature 
above the catalyst bed tended to rise, the product distribution was 
aiiollar to that of Griffin's results, F^can Table 12 it can be seen 
that in Runs lio and 111 a large portion of the oxygen was consumed as 
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conqpared to the other Celite ruii8» much larger yields of unsaturated 
hydrooarhons vere obtained than usual (24.2 and 17.6 per cent of the 
exit gas, raspectifely), and the yield of useful products was higher 
than found in most of the other Celite runs. During these two runs 
the liquid product aeeoed to come oirer faster as soon as the temperature 
)sas noted to Jump upvrard* Oriffin also reported increased yields when 
the temperature above the bed rose 50<} F. 
The stainless steel plates in the Griffin reactor probably had 
little, if any. Influence on the type of products found. IThe laaterlals 
present there would be expected to cause carbon formation from the 
propane, if anything (20, 22), but Griffin found no carbon in the cata­
lyst bed in any of hia runs. 
DeWitt and He in (18) obtained results oomparable to those of this 
InTestigation with several of their catalysts, as seen in Table 16. 
Table 16 
Oxidation of propane by DeWitt and Hein 
Catalyst Yield of useful products 
(per cent of oxygen fed) 
(2850 oca/min., 470° C., 19.6^  oxygen) 
Smpty tube 
Silica gal 
Copper oxides on silica gel 
Tanadium oxides on silica gel 
Uolybdenua oxides oti silica gel 
0.07 
0.29 
0.35 
0.39 
1.17 
(2850 co«/ain., 650® C., 19.6^  oxygen) 
Molybdenum oxides on silica gel 2.63 (Best yield of 
investigation) 
60 
A yield of S.63)( of tho ozygsa fed in useful prodttots» their best yield, 
was fouixd In one run at 650° 0« Their propane oxidation experiments 
ware carried out in a l-inob copper tube using 9. catalyst of a-14 mesh 
in size* Their yields with catalysts, except for laolybdenusi oxide, vere 
close to that found in this inTsstigation. The yield without a cata­
lyst was Tery poor cosqpared to that of the present investigation. 
B. 7. Dodge and oo-workers (19) found in the oxidation of butane 
with air OTor a supported TgOg catalyst at 8820 7*, contact time 1 second 
and an alr*hydrocarbon ratio of S6, only about 0.7^ of the hydrocarbons 
want to useful products. In Kun 136 of the pres&nt investigation, the 
best catalyst run, the oonversion of propane to useful products was 
from 0.6(^ to 1.98^, depending on the individual compounds present in 
the products. 
Bun 134 of the present investigation produced a niuch higher yield 
of products than had been obtained in any of the previous rune. To be 
certain that Run 134 was reliable, a duplicate run was made, Bun 138. 
The yield from Bun 138 was also hig^  and very close to that of Run 134. 
a further check to ascertain if sozse pexmanent change in the reactor 
was responsible for the hi^er yields, another run was made using Celite, 
Run 139, under the saxe operating conditions as Bun 134 and 138. The low 
yield of Run 139 showed that the reactor was not causing the hi^er 
yields found in Runs 134 and 158. 
If the propane oxidation process discussed here were to be applied 
coiimex*eielly, no doubt all the unreacted propane would be recycled 
through the reactor to make the process economical. Using the results 
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of Run 135 (with MoOg-Celite), for inetanoet about 92^ of the propane 
would be unreaotea after one pass and would hare to be recycled. This 
is assuming that all the carbon not found in the products directly 
measured in the liqxiid and gas analyses was ir the form of unreacted 
propane, and that all the unsaturated hydrocarbons and useful organic 
products contained two carbon atoms* With this recycle of the unreacted 
propane, about 385^ of the fresh propane feed would be converted into 
useful oxygenated products» 19^^ to carbon oxides, and 43^ to unsaturated 
hydrocarbons, after an average of about IS.5 passes through the equip­
ment, with about 3,Oj5 conversion of propane to useful products per 
pass. The derivation of these figures is shown in the sample calculations 
of the Appendix. 
There is no reason to believe that a catalyst cannot be found which 
could surpass the yields produced by the honogeneous reaction* The 
M90„-Celite catalyst gave encouraging results, and perhaps different 
modifications of this catalyst would provide the answer. A MoO^-Celite 
catalyst with a little CeOo added would make a very interesting cata-
lyst, the CeOg to provide strong oxidizing power and the HoOg to promote 
oxidation to useful products. If the concentration \ised on Celite 
helped the oxidation to useful products when compared to Celite alone, 
perhaps a greater concentration of MoOg would be even better. 
Celite has very desirable properties as a carrier material for 
further catalyst developments. The Celite used had a larger average 
particle size than the silica-alumina or activated alumina, and thus 
no doubt had much less surface area, but it by itself does not promote 
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carbosi fonaation as the other tT»o do. Also its physical characteristics 
are such that although it will fluidize at a fairly low velocity (around 
1500 CO. per lainute for propane-oxygen mixtun^s as a^own in Figure 4, 
or about 0,035 ft, per second, based on the empty tube, for the S-inch 
z«actor used), the particles are large and heavy enough oo that very 
little of the catalyst is carried out of the bed at flow rates of 6500 
00. per minute (14.7 poimds per square inch absolute, 70° F, volume), 
giving a wide range of flow rates available for investigation. 
In spite of marked temperature rising at the bottom of the bed in 
certain cases, the apparatus with the fluidized bed present has been 
shown capable of handling the large heat of reaction released by the 
exotheimic reaction between propane and oxygen, provided the heat is 
released throuf^out the bed rather than being localized. For instance, 
in Run 1S4, using CeO^-Oelite at about 950® F., 87.756 of the oxygen fed, 
in a run using 30$S oxygen, was consumed in oxidation, most of which 
went to forming carbon dioxide and carbon monoxide and the accompanying 
water of reaction. The reactions to these products give off more heat 
than would be given off in going to usefia products. In this run the 
temperatures of the bed went up markedly as soon as both reactants were 
present, but this Increase was uniform throu^out the bed, rather than 
being localized. 
A different method of introducing the reactant gases into the bed 
might help prevent marked temperature rising at the bottom of the bed. 
The present method introduces the oxygen as a jet in the center of the 
reactor. The propane immediately around this Jet comes in contact with 
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a greater concentration of oxygen than the average, vhile the propane 
entering near the walls of the rcaotor may not contact oxygen until it 
has traveled part way up the bed. The mixing and churning of the fluidized 
bed alleviates this situation so&iewhat, but apparently is not adeq.uate 
to completely control it. The conically-shaped bottom of the bed may 
make it harder for the fluidization to really do a good Job of mixing 
in this critical zone. A method of dispersion introduction of the 
oxygen into the mixture of reactants and products in the bed should aid 
in this problem. 
Feeding colder reactants into the bottom of the bed might prevent 
the marked temperature rises encountered. The distribution section of 
the present apparatus, even when the distributor heater and the pre-
heaters were turned off, received enou^ heat frcaa the reactor section 
above that the gases going Into the reactor section could not be kept 
below 800 to 300° F. 
Temperature control in the apparatus was usually satisfactory, and 
temperature measurement was adeq^uate. The placing of thezroocouples 
in the reactor section every few inches provided enough infoxmation 
that, in combination with the several heaters on the reactor section, 
it was possible to provide the temperatures desired throxighout the 
reaction zone. However, in spite of the fact that one thermocouple 
was one inch above the bottom of the reactor (and Just even with the 
flange Joint between the distributor and reactor sections) and another 
was only 1^ inches above that, temperature differences of 550^ F. or 
more existed at times. This would make it seem that even more thezmocouples 
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in that part of the bed would be helpful in recording the bed tempera­
tures more accurately* 
Use of a temperature recorder is a necessity in operating the 
apparatus. During nonnal operation, if an additional operator were 
present) to take readings with a potentiometer and record them» the 
recorder could be dispensed with, but when fast changes take place, 
it would be impossible to follow the temperatures rery closely without 
the recorder. It mi^t even be dangerous if the highly exotheimic 
reaction were allowed to proceed too long uncontrolled. 
The use of a water quench was of great assistance in operating 
the apparatus. Unless further reactions above the catalyst bed were 
preTonted, the real effect of the catalyst could not be known* Only a 
few cubic centimeters of water per minute were required, when a quench 
was used, to adequately control the product gases. No exact criteria 
were established for use of the quench, however, and it was used only 
when In the Judgment of the operator It becatae necessary. Control of 
the quench water flow rate might be improved by using some more positive 
means of ptuaping the quench water into the reactor than was used. The 
subtest impxirity in the water tended to cause faulty rotameter read­
ings. Perhaps a filter would prevent this. 
The flow irate in the various runs could be duplicated within 10^ 
of the intended value. There was some variation, however, and a closer 
agreement of the total flow rates and the individual gas flow rates 
would make the interpretation of the data easier. Sven thou^ the flow 
rate was set at one value prior to a run it often changed a little. 
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sometimes due to a change in pressure drop somewhere in the system, 
sometimes for no apparent reason. Automatic control of the pressure 
in the reactor would also make it possible to make all rims at the 
same absolute pressure, besides making flow rate control easier* 
Although the pressures in most of the runs reported in the present 
investigation were about the same within an inch or two of mercury, 
finer control would be desirable. 
Even though the analytical procedures used for quantitative analysis 
of the products of the process were fairly straightforward and simple 
(except the alcohol analysis), they were time consuming. At least four 
to five hours of routine analytical work were required to determine 
the products of each run. Only classes of compounds could be analyzed 
for in the useful oxygenated products. Among the other products, dif­
ferentiation was not made among the individual unsaturated hydrocarbons, 
and it was not certain how much propane was left unreacted. Studying 
such things as change of catalyst activity with time, and recycle ratios, 
would require a tremendous expenditure of time in analytical work for 
the results gained with even the procedures used in the present investi­
gation. A complete analysis scheme developed for use in analyzing for 
water>soluble oxygenated products from the Fischer-Tropsch process (65) 
would be applicable to the oxygenated products from propane oxidation. 
The method includes using in combination several distillations, solvent 
extraction and functional group analysis. Studies of the kinetics of 
the reaction could, of course, not be done without precise analytical 
results. 
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VI. CONCLUSIONS 
1. In the preaenoe of MbOg-Celitei the best catalyst foiind, from 
6*1 to 9.5^ of the oxygen fed was converted to useful organic products. 
These products vere 70 to 80^  aldehydes, 20 to S5^  alcohols and 2 to 6^  
acids. With this catalyst a greater proportion of the oxygen reacted 
was converted to useful organic products than vith any other catalyst 
investigated. In one run with MoO^-Celite present, the estimated 
conversion of fresh carbon feed, based on the recycling of all unreacted 
propane, would be about 38% to usefxil organic piToducts, 19^ to oxides 
of caxbon, and 43% to unsaturated hydrocarbons. 
£. Operating the reactor without a catalyst produced yields up 
to 7.0 to 13.4% of the oxygen fed converted to useful organic products. 
The distribution of products was similar to that obtained with MoO^-Celite. 
The per cent of the oxygen reacted converted to useful products with 
the non-catalytic reaction was slightly less than with the reaction in 
the presence of UoO -Celite. 
o 
3. The fluidized bed was found capable of handling the large 
heats of reaction, providing the heat was not released immediately at 
the bottom of the catalyst bed. The occasional difficulties with 
teiiQ>erature control at the bottom of the catalyst bed may be attributed 
partially to the design of the gas entrances and the relatively warm 
temperature of the inlet reactant gases. In some runs, the longitudinal 
variation of temperature in the reactor was no greater without a cata­
lyst present than with a catalyst, but the use of a catalyst generally 
permitted operation at higher temperatures and with higher oxygen 
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conoentrations. 
4« The use of a nater quenoh nae helpful In oontTOlllng the 
extent of the reaction in the produot gases after they had left the 
reaction zone* 
5« Oonrersion of the oxygen fed to all types of products was 
greater with aotlTated alumina, silica-alumina, and CeO^-Celite than 
without a catalyst present. VgOg-KgSO^-silica gel, CuO-Oelite, 
LagOg-Celite and IfoO^-Celite produced less total conTersion of oxy­
gen than without a catalyst present. 
6. Celite has desirable characteristics for use as a catalyst 
carrier in future catalyst stupids, in that it does not promote carbon 
formation and allows a wide range of flow rates in the fluidized state. 
7. The analytical procedures used were relatively Biiiq)le, but 
tiraB-consuming, and gave only the barest analytical information necessary 
for interpretation of the data. More accurate investigation of catalysts 
producing higher yields of useful products would require more ooBq>lex 
analyses. 
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JiPPfiNDIOES 
75 
APPENDIX A. AKALYSKS 
Tb« pxoduots from the oxidation of propane contained a mixture of 
aoids, aleohole, aldehydes, and ketonesf plus unsaturated hydrooarbons, 
oxides of oarbon, water, unreaoted propane and oxygen, and possibly 
ethane, methane and hydrogen. The oxygenated products consisting of 
aolda, alcohols, aldehydes, and ketones were removed along with part 
of the water in the condenser and absorbing solutions. The water-
saturated gas stream learing the absorbers and passing through the wet 
test meter and gas sampling tube contained the remainder of the products. 
The liquid collected in the receiyer below the condenser and the 
water alisorbing solutions were combined and made up to 1000 ml. In a 
Tolumetric flask for analysis. Aliquot santples, SO ml, except for the 
alcohol analysis where a 10 ml. senile was used, were used for deter­
mining acids and aldehydes and ketones. 
Acids weire determined by titration with a standard potassium hy­
droxide solution (56). 
The amount of aldehydes and ketones present was determined by 
the method of Brochet and Gambler (14), in which the acid released 
when a neutral solution of aldehydes or ketones is treated with hydroxyl-
amlne hydrochloride la titrated with a standard potassium hydroxide 
solution. A blank was used to account for the acidity of the reagent. 
Alcohols were determined by the method of Fischer and Schmidt (20). 
In this procedure the alcohol is reacted with nitrous acid to form 
the Tolatile nitrite ester which is in turn swept out in a current of 
carbon dioxide and subsequently absorbed in a potassium iodide solution 
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oontaining enough HCl to hydrolyze the ester. The Iodine released is 
then titrated with standard sodium thiosulfate solution. A blank was 
used to aoootmt for the iodine formed when the reagents alone were used. 
Seyeral qualitative tests were also used. The presence of alde­
hydes or ketones was detected with a 2,4-dinitrophanylhydrazine reagent 
prepared according to Shriner and Fuson (64), page 97. Schiff*s reagent, 
prepared according to Shriner and Fuson (64), page 101, was used to 
Identify aldehydes. A modified Sohiff*a reagent (17) was useful in 
detecting formaldehyde in the presence of other aldehydes. Acetaldehyde 
was identified in the presence of the other aldehydes with the Leys 
reagent (39). The presence of acetone was shown hy using the salicyl-
aldehyde reagent (67). 
The precipitates from the absorbers filled with the solution of 
2,4-dlnitrophenylhydrazine in 2N HCl (1 gram of solid per 200 ml. of 
2N HCl) were combined and filtered throu^ a fritted glass crucible. 
The crucible was then dried in a vacuum over sulfuric acid (30) and 
weighed. The weight of the precipitate was an accurate measure of the 
amount of aldehydes or kiatones present when only one compound of the 
group was present. However, because of the hi^ molecular weight of 
the various derivatives possible from the products of propane oxidation, 
208 to 236, reporting the yields of aldehydes and ketones found in the 
precipitated derivatives as mg-moles of formaldehyde Introduced a max­
imum error of only 11.25^« Since the carbonyl compounds in this p:re-
cipitate were usually onl;^ 5 -to 15^ of the total aldehydes and ketone 
products, the error in tlie total yield of aldehydes and ketones was 
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only about 1.5^ at the most. 
A 250 ml. sample of the exit gas was taken during each run for 
analysis. An Orsat type gas analysis waa conducted to determine the 
volume percentages of carbon dioxide, carbon monoxide, oxygen and 
unsaturated hydrocarbons. No analysis was made for propane. 
The absorbing solutions used in the gas analysis were the fol­
lowing as given by McCulloch (50): 
1. For carbon dioxide, a 30^ solution of potassium hydroxide; 
2. For unsaturated hydrocarbons, an excess of liquid bromine in 
a solution of potassium bromide; 
3. lor oxygen, an equal volume of 15^ solution of pyrogallic acid 
in water and 30^ potassiiim hydroxide; 
4. For carbon monoxide, a solution in the proportions of 11.5 
grams of cuprous chloride to 43 ml. concentrated ammonium hydroxide 
and 50 ml. water. 
The total volxmie of the exit gas was measured by the wet test 
meter* From the gas analysis and the total volume of exit gas the 
amount of each gas which could be analyzed for directly was determined. 
Oararying out a quantitative analysis for one run required four 
or five hours after all solutions and glassware had been prepared. 
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AEPSNDIX B. SM5PLS CiiLOU-LATIOKS 
As an example of the calculations made, Run 155 is considered in 
detail below. Certain of the data listed and many of the calculated 
results are entered in Table 12. The item numbers imder which those 
figures are listed in Table IS are shown in parentheses at the rl^t 
of the page. 
Where more than one observation was taken, the average is reported. 
The data taken during the run were as follows: 
Temperatures: 
Propane heater exit 
Oxygen heater exit 
Distributor annulus 
Oxygen at rotameter 
Propane at rotameter 
Boom 
Calming section 
Gas leaving calming section 
Reactor—at flange Joint 
1^ in. above flange Joint 
^ in. above flange Joint 
in. above flange Joint 
Iw in. above flange Joint 
82.6° r. 
82.25° P. 
82.15° F. 
841. o F. 
294. o F. 
757. O F. 
762. o F. 
785. o F. 
778. o F. 
774. o F. 
678. o F. 
587. 0 F. 
227. o F. 
144. o F. 
(2) 
(3) 
(4) 
(5) 
( 6 )  
(7) 
(8) 
(9) 
110) 
(11) 
Pressures: 
Oxygen at rotameter 
Propane at rotameter 
Distributor annulus 
Calming section 
(ras leaving calming section 
Exit gas 
Propane cylinder 
Propane delivery 
Oxygen cylinder 
Oxygen delivery 
Nitrogen cylinder 
Nitrogen delivery 
20.4 cm. Hg gauge 
36.5 cm. Hg gauge 
13.5 cm. Hg gauge 
12.6 em. Hg gauge 
10.15 cm. Hg gauge 
0.9 cm. Hg vacuum 
110 pslg 
12 pslg 
500 psig 
11 pslg 
1900 pslg 
12 pslg 
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Rotaneter readinga: 
Oxygen 
Nominal Og flow rate 
Propane 
Nominal C^Hg flow rate 
^uenoh water 
Barometer data: 
74.125 
865 oo./mln. 
50.75 
2030. oc./min. 
None (34) 
Freaaure S9.314 In. Hg 
Barometer temperature 77.0® F. 
Instrument oorreotlon -.001 In. Hg 
Duration of timed run 30 mlnutea 
Wet teat meter data: 
Volume of exit gaa 
Freaaure 
Temperature 
Catalyat data: 
104.06 litera 
0.08 in. Hg gauge 
25.9° C. 
Type 
Mount charged 
Motmt recoTered 
Condenser product Tolume 
Beaults of analysis: 
UoOg-Celite 
300 gm. (13) 
284.4 gm. (14) 
(including 2.7 gm. 
from filter) 
6.0 ml. 
£xit gasi Tolume per cent, dry baaia 
Carbon dioxide 0.4;^ 
Unaaturated hydzvoarbons 4.0 
Oxygen 22.7 
Carbon monoxide 3.1 
Propane and others, by difference 69.8 
100.0  ^
Liquid product analysis 
Acids 
iULdebydes and ketones 
in condenser product and 
absorbing solutions 
in 2,4-'dlnitrophenyl-
hydrazine derlTatlvas 
(as formaldehyde) 
Alcohola 
7.04 mg<^oles 
92.31 
98.54 
6.23 
32.29 mg-molea 
(17) 
(18) 
(19) 
(80) 
(21) 
(22) 
(24) 
(23) 
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The calculations using these data ifere as follows: 
The corrected barometric pressuire: 
£9.314 - .001 - .0027® (77.0 - 28.5) = 29.182 In. Hg 
Beactor pressure = 29.182 -h 12.6/2.54 = 34.143 In. Hg (12) 
The oxygen and propane flow rates were calculated by iislng 
rotameter calibration curves, previously prepared, and the relationship 
2^ ' <4l (I'2/^ l>^  , 
where Qg is the volume of gas flowing at pressure Fg and absolute 
temperature, Tg, and is the volume of gas flowing at pressure 
and absolute temperature, T^, where both flows are measured at the same 
rotameter setting and both volumes are ejqjressed on the basis of the 
same standard tonperature and pressure. The calibration curves were 
constructed so that the readings gave the correct volume flow rate 
(14.7 psia, fOP F) if the pressure on the rotameter was 29.00 in. Hg 
and the temperature 80<^ I, Any conditions different than the latter 
ones would require correction according to the equation above. 
The flow rates were calculated for Bun 135 as follows: 
Oxygen flow rate = SeSf 540 f29.182 20.4/2.54^^ 
V460-H82.6; V 29.00 J 
= 961. cc./min. at 14.7 psia, 70° 1*. 
Propane flow rate = 2030f 540 f29.182 ->-36.5/2.54>^ 
UeO +82.25/ V 29.00 J 
s 2482. cc./min. at 14.7 psia, 70<> F. 
Total flow rate s 961 •+• 2482 : 3443. cc./min. 
at 14.7 psia, 70o y. (le) 
®S«e Perry, J. H., £d., Chemical Bngin^rs' Handbook. 2d ed., McGraw-
Hill ]took Company, New Yoric (1941), p. 783, 
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Gas coEaposltion; On concentration = 961 X 100 = 27,915^ (15) 
S443 
concentration = 2482 X 100 : 72*09^ 
3443 
Total moles fed during run: 
Og 961 X 30 X 1000 - 1194, mg-molea Oo 
24145^ 
CgHfi 2482 X 30 X 1000 * 3083«8 ing~iiK>leB C^Hg 
24145 
3083*8 X 3 = 9251.4 mg^moles C 
Linear yelooity l>ased on the empty reactor (gases at 14.7 psia, 
700 y.)s 
Inside orosa-seotion of reactor tube s .0233 ft^ 
Linear velocity s 3443 cc. X 1 X 1 iain« X ft^ 
min. .0233 ft^ 60 sec. (30.48)^00. 
9 0,0870 ft. 
see. 
Wt. of feed » [(1194) (.032) (3083.8) (.0441)1 gm. 60 min. 
Wt. catalyst-hr. 300 gBi.(30 min.) hr. 
: 1.161 
Mg-molea in the exit gas: 
Yapor pressure of HoO at 2S.9<> C. = 25.060 mm. Hg, 
85.90 C. : 78.6° F. 
Volume dry gas = 104.06(29.182 -h .08 - 25.060/25.4^ 530 
29.92 460 -<K 78.6 
- 96.426 liters at 14.7 psia, 70® F. 
Wei^t dry gas = 96.426 X 1000 X 1000 « 3993.6 mg-moles 
2414S 
^Ifolar Tolume at 14.7 psia, 70o y, s 24145, ml. 
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When these figures on the feed rates and exit gas rates had been 
obtained, it iras possible to make material balances on the oxygen and 
carbon fed into the reactor, meanwhile calculating the percentage of 
oxygen fed appearing in the various products. These calculations were 
done by setting up the figures in a form similar to Table 17, In 
Table 17, in column (1) are listed the various products of the reaction 
which can be identified partially or wholly by analysis. The exit 
gas products are listed in the top part of the table and the useful 
oxygenated products in the lower part. In column (2) are listed the 
mg-moles of product which were calculated for the exit gases by mul­
tiplying the fraction of the respective oooQ>onent by the total dry 
volume of these gases. The mg-moles of useful products were obtained 
by chemical analysis* The values in column (4) are the mg-moles of 
oxygen present in the products of columns (1) and (2). 
The conversion of oxygen fed to the various products is entered 
in column (3), calculated by dividing the values in column (4) by 
the mg-moles of oxygen fed, 1194 )tag-moles, as calculated above. These 
values are entered in Table 12 as items 25 through SI* 
Columns (5) and (6) contain figures estimating the oxygen con­
sumed but not found in the products analyzed for. In oxidizing pro­
pane some of the hydrogen of the propane was released, and has been 
assumed to combine with oxygen to form water of reaction* The hydrogen 
released when unsaturated hydrocarbons were foxmed has also been assumed 
to react to form water. Ck>limms for both the maximum and minimum 
amounts of water of reaction are included because the amoimt .of water 
Table 17 
Material balance for Bun 135 
(1) (2) (3) (4) (5) (a) (7) (8) (9) (10) 
Product Wt. of product Distribution Oxygen fmfp-inoleB Carbon (ag-moleB) 
(og'^les) of O2 fed In In BgO of reaction Total 
in piroducts product Max. Mln.. Max. Min. Max. Mln. 
(per cent) 
COg 3993.6(.004} . 16.0 1.34 16.0 10, .7 10. 7 26. 7 26. 7 16 .0 16. 0 
CnH2n 3993.6(.040) . 159. 7 79 .9 53. 3 79, .9 53. 3 479.1 319. 4' 
02 S903.6{.227) « 906. S 75.92 906.5 906, .5 906. 5 — 
CO 3993.6(.031) • 123. 8 5.18 61.9 82. 6 82. 6 144, .5 144. 5 123 .8 123. ,8 
CgHa et al. 3993.6(.698) •2787. 5 •••• •• 8362 .5 2787. 5 
Total, exit gas 3993. 5 82.44 984.4 173 .2 146. 6 1157 .6 1131. 0 8981 .4 3346. ,7 
AO Ida 7.6 0.64 7.6 3 .8 1. ,3 U .4 8. ,9 22 .8 7. 6 
Alcohols 32. 3 1.35 16.2 0 .0 -10. .8 16 .2 5. .4 96 .9 32, .3 
Aldehydes and ketones 98. ,5 4.13 49.3 49 .3 16. 4 98 .6 65. ,7 295 .5 98, .5 
Totaly useful products 138. 4 6.12 73.1 53 .1 6. ,9 126 .2 80. ,0 415 .2 138, .4 
Grand total 4131, .9 88.56 1057.5 226 .3 153. ,5 1283 .8 1211. ,0 9396 .6 3485 .1 
Distribution of oxygen and carbon (per cent) 88.57 18. 95 12.86 107. 52 101.42 101. 57 37.57 
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foxned depends upon the individual ooinpoimds forised in the products. 
Only in the case of carbon dioxide and carbon monoxide are the exact 
amounts of water of reaction knoma. The azoounts of water of reaction 
for each of the products is ehovm in Table 18. 
Table 18 
Oxygen in water of reaction 
Product Moles 02 in water of reaction 
Bfole of product 
Maximm Uinimm 
Oarbon dioxide s/3 2/3 
Carbon monoxide 2/3 2/3 
Unsaturated hydrocarbons 1/2 1/3 
Acids 1/2 1/6 
Alcohols 0 -1/3 
Aldehydes and ketones 1/2 1/6 
In making the calculations the figures in Table 18 were mul­
tiplied by the fflg-moles of each of the products formed to calculate 
the numbers in colunins (5) and (6) of Table 17. 
Columns (7) axid (8) contain the totals for the accountable oxy­
gen in each of the products* 
In columns (9) and (10) the amount of carbon present in the products 
has been presented as maximum and minimum possible. An exact Talue 
is not possible for any of the products except carbon dioxide and carbon 
monoxide because the individual coinpounds of the classes of conqiounds 
analyzed for were not known. In the case of the tinanalyzed portion of 
the gaseous products, the minimum amount of carbon possible would be 
the amount present if all those products were one-carbon hydrocarbons* 
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Honever, inasmuch as the raaxlisam carbon acoountabilltiss for all the 
runs (item 33 in Table 12) are near lOO;^, it is probable that in most 
oases the unanalyzed portion consisted primarily of propane. Thus 
the figure in column (10) opposite et. al.", while a mathematical 
possibility, is probably not significant in making a carbon balance. 
The totals in column (10) are also unrealistic. 
The columns of the upper and lower parts of Table 17 are added 
separately, and then combined in the grand total. The laot line of 
Table 17 shows, in columns (4) through (8), the per cent of oxygen 
fed which appeared in the various forms. Columns (9) and (10) show 
the maximum eoid minimum percentages of carbon fed which were found 
in the products, ^e percentage figures at the bottom of columns 
(7) and (9) are entered as items 38 and 33, respectirely, in Teble 12. 
If all the unreacted propane were to be recycled through the 
reactor, the conversion per pass wovild be that found in the one-pass 
run made in the present investigation. The total convdrsion of fresh 
propane feed would be equal to the portion of the reacted propane in 
the one-pass run which went to useful products. 
Calculation of the portion of propane fed in Bun 135 which went 
to useful products depends upon the number of carbon atoms in the 
individual compounds of the products. From the oxidation of propane, 
products with one, two or three carbon atoms are possible. In coliimns 
(9) and (10) of Table 17 are given the maximum and minimum amounts of 
carbon in the useful products. These correspond to the amounts of 
carbon present in three-carbon products and one-carbon products. 
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respectively. Two-carbon products would contain amounts of carbon 
in between the two values given. 
The portion of carbon in the propane fed converted to useful 
products, 
assuming all three-carbon products = 415.2 (100) Z 4.49^ 
9S51.4 
assuming all two-carbon products s (138.4)(S){ICQ) : 2.99^ 
9251.4 
assuming all one-carbon products Z 138.4 (100) Z 1.50^ 
9251.4 
The portion of the reacted propane reported as found in the use­
ful products depends upon the method used to calculate the amoimt of 
reacted propane. If the unanalyzed portion of the exit gases is as­
sumed to be all propane, then 
the carbon in propane unreacted = 8362.5 mg-onles. 
If the carbon in the propane that did react is calculated by difference 
the carbon in reacted propane z  9251.4 - 8362.5 « 888.9 mg-moles. 
Another method of calculating the propane which reacted is to find the 
amount of carbon in the liquid and'gaseous products which were analyzed 
These can be found in columns (9) and (10) of Table 17, but the values 
used again depend upon the number of carbon atoms per compound. Al­
though the liquid products can have one, two, or three carbon atoms, 
in the analyzed gaseous products, the unsaturated hydrocarbons can have 
only two or three carbon atoms. The amount of carbon in the reacted 
propane, 
assuming three-carbon unsaturated hydrocarbons and liquid 
products s (16.0 -t* 479.1 123.8) -(-415.2 s 1034.1 mg-moles. 
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assxsning two-carbon unsaturated hydrocarbons and liquid 
products 5 (16.0 + 319.4 +123.8) •+• 2(138.4) = 737.0 mg-moles, 
assuming two-carbon unsaturated hydrocarbons and one-carbon liquid 
products = (16.0 +•319.4 +•123.8) 138.4 = 697.6 mg-raoles. 
With three values for the amount of carbon in the useful products 
and four Talues for the amount of carbon which was in the reacted propane, 
a total of twelve values are possible for the portion of the reacted 
propane which went to useful products. If only the highest and lowest 
values are calculated to show the range, 
the fflsucimum portion of reacted propane (or carbon) in the useful 
products r 415.2 (100) = 59.5^ 
697.6 
the minimum portion of reacted propane (or carbon) in the useful 
products : 138.4 (100) » 13.3956 
1034.1 
Pertiaps a representative value can be found by assuming that all liquid 
products and the unsaturated hydrocarbons contain two carbon atoms. Then 
the portion of reacted propane (or carbon) in the useful 
products r 276.8 (100) s 37.5^ 
737.0 
The value, 37.5^, also represents the percentage of fresh propane 
feed which could be converted to useful organic products in a process 
recycling all the unreacted propane. 
Again assuming two-carbon products, the average number of times 
required for the propane feed to go through the reactor, assuming all 
the propane was recycled, would be 
37.5 : 12.53 passes 
2.99 
The portion of the fresh propane feed going to unsaturated hydrocarbons. 
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asstiming tvo>oarbon products would be 
319.4 (100) r 43.5S& 
737.0 
The portion of the fresh propane feed going to carbon oxides would be 
139.8 (100) = 18.95% 
737.0 
If two-oarbon atom products are also assumed in calculating the 
per cent propane which was unreacted, 
portion of propane (or carbon) reacted per pass z 737.0 s 7.97% 
9251.4 
